An Experimental Study of the Aerodynamics of Exposed Wheels by MacCarthy, Nigel Hugh & MacCarthy, Nigel Hugh
An Experimental Study of the 
Aerodynamics of Exposed Wheels 
Nigel Hugh MacCarthy 
2010 
Department of Aeronautics 
Imperial College of Science, Technology and Medicine 
Prince Consort Road 
London SW7 2BY 
A thesis submitted for the degree of Doctor of Philosophy (PhD) 
of the University of London 
Declaration 
I declare that all of the work contained within this thesis has been undertaken by the 
author 
Signed.... 
Date.... ý..:...:.. 20. ý. ©... 
Abstract 
Racing teams and their designers spend may hours optimising the airflow around 
the body and wings of the car, producing highly efficient aerodynamic components, 
but the wheels fundamentally remain unchanged as cylindrical bluff-bodies. They 
produce a highly disturbed, unsteady and complex wake which interacts with the 
airflow around other parts of the car, the mechanics of which is still not fully un- 
derstood. This thesis describes investigations carried out on fundamental aspects 
of the aerodynamics of racing car wheels and has mainly concentrated on gaining a 
better understanding of the flow field using isolated racing wheel models. A range of 
experiments were carried out in water using a 9m flume using flow visualisation and 
Particle Image Velocimetry (PIV) techniques and in the Honda wind tunnel where 
techniques such as smoke based flow visualisation, hot-wire, PIV and wheel drag force 
measurements were performed. 
Results have given an insight into the shape, size and strength of wake structures, and 
have revealed details of the separation characteristics from flow around the wheel. The 
use of the water flume along with PIV has made it possible to measure and observe 
flows very close to the contact patch and establish the strength and characteristics 
of the so-called `jet' from each side of the wheel near the road. Investigations have 
been carried out to establish the influences and modifying factors on the flow due to 
yaw, camber and tyre wall shape. Toward the end of the study, wind tunnel PIV 
experiments were carried out using a fully representative 50% Formula 1 wheel, front 
wing attached to a centre body in an attempt to establish what effect this has on the 
isolated wheel wake. 
Acknowledgements 
I would like to sincerely thank professors Peter Bearman and John Harvey for their 
valuable help, support and advice throughout the duration of this work. 
I would also like to thank Williams Formula 1 for their sponsorship, advice and loan 
of equipment and models. Special thanks are due, in particular to Frank Dernie and 
Mark Childs. 
A big thanks also go to the Aeronautics workshop staff, who constructed models and 
equipment during the experimental phase of the work, in particular, Roland Hutchins, 
Alan Smith and Ian James. 
Finally, I would like to pay special thanks to two people close to me; my mother for 
her wonderful backing and support over the past six years and Anna Baryshnikova 
for giving me the determination through love to press on during difficult times and 




Table of Contents 4 
List of Figures 10 
List of Tables 26 
Nomenclature 28 
1 Introduction 32 
1.1 Racing Car Aerodynamics 
....................... 
32 
1.2 Exposed Wheel Aerodynamics 
...................... 
33 
1.3 Aerodynamic Interactions In and Around the Racing Wheel ..... 
34 
1.4 Research Objectives and Thesis Structure ............... 
35 
2 Literature Review 38 
2.1 Wheel Flow ................................ 
39 
2.1.1 Bluff Body and 2-D Cylinder Flows . ....... ... .... 
39 
2.1.2 Aspect Ratio and 3-D Flow .... ... ..... ... .... 
42 
CONTENTS 
2.1.3 The Presence of the Ground and Influence of Rotation . ... 46 
2.1.4 History of Experimental Research into Isolated Wheel Aerody- 
namics ............................... 48 
2.1.5 Wheel Vortex Models ... .... . ....... ... ... .. 
56 
2.1.6 Contact Patch Flow and `Jetting' ... ... .......... 59 
2.1.7 The Wheel Wake and Associated Flow Structures ....... 
65 
2.1.8 Camber and Yaw ......................... 
73 
2.2 Comp utational Methods Applied to Wheel Flow ............ 
80 
2.2.1 CFD Based on the Fackrell Wheel ................ 
81 
2.2.2 Other Isolated Wheel CFD Studies ..... .......... 
84 
2.3 Front Wing Flow ............................. 89 
2.3.1 The Characteristics of Formula 1 Front Wing Flows ...... 90 
2.4 The Wheel and Front Wing Geometry and Flow Interactions ..... 
97 
3 Experimental Methods and Data Processing 100 
3.0.1 Field of View ....... ..... ..... ..... ... .. 100 
3.1 Coordinate System, Origin and Frame of Reference ..... ..... 101 
3.1.1 Yaw and Camber Frame of Reference ......... ..... 102 
3.2 Experimental Facilities 
..................... ..... 103 
3.2.1 The 9m Water Flume Facility . .... . ..... .. . .... 103 
3.2.2 The Honda Wind Tunnel and Rolling Road ..... . .... 105 
3.2.3 The Honda Tunnel Traverse System ..... ... .. ..... 107 
3.3 Wheel models . ..... ..... ... .... . ..... .. . .... 108 
3.3.1 Wheel Model Size and Blockage Effects ........ . .... 
109 




3.3.3 Solid Generic Racing Car Wheel Models ..... .. ..... 111 
3.3.4 Pneumatic Wheel Models .... ........ . .. ..... 
112 
3.3.5 The Williams `Walrus' Nose Front Wing Model ... ..... 
114 
3.4 The Water Tunnel PIV Experiment 
.............. ..... 
115 
3.4.1 The Moving Carriage System 
........... .. ..... 
117 





3.5.2 Operating Conditions 
................. ...... 
119 
3.5.3 Wheel / Wing Model and Mounting Assembly ... ... ... 
119 
3.6 PIV Measurements 
... ..... ..... .......... . ... .. 
123 
3.6.1 PIV Principles . ..... ..... ......... . ..... 
123 
3.6.2 PIV Hardware ....... .... . ..... ... . . ... .. 127 
3.6.3 Flow Seeding 
.... ..... ........... . . ... .. 127 
3.6.4 Calibration 
...................... ...... 128, 
3.6.5 Water Tunnel PIV: Experimental Procedure .... ...... 
129 
3.6.6 Wind Tunnel PIV: Experimental Procedure .... ...... 
131 
3.7 Flow Visualisation 
... ..... ... . ..... ... . .... .. 133 
3.7.1 Water Based Flow Visualisation ........... ...... 133 
3.7.2 Flow Visualisation in Air ............... ...... 134 
3.8 Wheel Drag Experiment 
................... ...... 
134 
3.9 Hot-Wire Measurements ..... ..... ..... ... . .... .. 136 
3.9.1 The Experiment 
... ... ... .... ... ...... .... 137 
3.10 The Post Processing and Data Analysis Routines .... ... .... 138 
3.10.1 PIV Data Analysis . ... ..... ..... ... ... .... 138 
Page 6 
CONTENTS 
3.10.2 Vorticity and Circulation Calculations ............. 
140 
3.10.3 Presentation of PIV Results . ........ ..... ..... 
143 
3.10.4 Hot-Wire Data Analysis ..................... 
144 
3.10.5 Sources of Error .......................... 
147 
4 Drag Measurements and Reynolds Number Effects 153 
4.1 Reynolds Number Effects ........................ 
154 
4.1.1 Drag Measurements in the Honda Tunnel ............ 
154 
4.2 The Effect of Wheel Hub Cavity on Drag ................ 
159 
5 Fundamental Flows Associated With An Isolated Wheel 162 
5.1 Identifying the Key Flow Features - Dye Flow Visualisation ...... 
163 
5.1.1 Observations in the Z-plane ............ ....... 
164 
5.1.2 Observations in the X-plane . ..... ... .......... 
164 
5.1.3 Observations in the Y-plane ... . ..... ..... ..... 
166 
5.2 PIV Experiments in Water ....... ..... ... ..... .. 
167 
5.2.1 Comparison Between Instantaneous and Ensemble Averaged 
Flow Fields .......... ... ............... 
167 
5.3 Sharp Edged Cylinders . ..... ..... ............ ... 
171 
5.4 The Racing Wheel Wake Flow Field ................... 
183 
5.4.1 Flow Structures Associated With the Wake .... ....... 183 
5.4.2 Wake Symmetry and Aspect Ratio ............... 
185 
5.5 The Contact Patch Region ......... ............. .. 
188 
5.5.1 Pneumatic Tyres and Contact Patch Size ..... ... .... 
190 
5.5.2 Z and Y-plane Results ....... ..... ... ....... 
191 




5.6 Flow Along the Side Faces of the Wheel ...... .......... 
202 
5.7 The Flow Field Ahead of the Wheel . ........ ..... ..... 
205 
6 Flow Characteristics associated with Wheel Geometry 208 
6.1 The Effects of Yaw and Camber ..................... 
209 
6.1.1 Wheel Yaw ... .... . .... ... ...... .... ... 
209 
6.1.2 Results of Yaw Experiments ............. ...... 
210 
6.1.3 Results of Camber Experiments . ......... ....... 
223 
6.1.4 Variation of Contact Patch With Yaw and Camber ...... 
224 
6.2 Hub Cavity Flow 
............................. 
232 
7 Unsteady Wake Measurements 235 
7.1 Measurement of Turbulence Intensity in the Honda Tunnel ... . .. 236 
7.2 The Unsteady Wake of a Stationary Wheel and Reynolds Number Effects238 
7.3 The Unsteady Wake of a Rotating Wheel ... ...... ..... .. 
244 
7.3.1 Gross wake Instabilities . ..... ..... ... ... .... 
245 
7.3.2 Fluctuations in the Jetting Flow .... . ..... ... .... 
250 
7.3.3 Correlation and Coherence in the lower wake region ...... 
251 
7.4 Summary of Unsteady Wheel Flow Features . ......... .... 
253 
8 The Interaction between Racing Car Wheel and Front Wing Flows260 
8.1 Description of Interrogation Planes and Isometric Models ..... .. 261 
8.1.1 Vortex Identification ... ..... ........... .... 
261 
8.1.2 Isolated Wing .... ... ... .... ... ... ..... .. 
264 
8.1.3 Comparison of Instantaneous Versus Ensemble-Averaged Data 268 
8.2 Wing and Wheel: The Behaviour of the Wing Vortex System . .... 270 
Page 8 
CONTENTS 
8.2.1 Baseline Wing and Wheel Configuration, Flow Features .... 270 
8.2.1.1 Near field . ..... ........ .... ...... 
272 
8.2.1.2 Far field .... . .... ........ ........ 
274 
8.2.2 The Effect of a Moving Ground Plane .............. 
275 
8.3 Modified Wheel Wake Structure as a Result of the Front Wing .... 
280 
8.4 The Effects Associated with Changes to Wheel Geometry and Position 284 
8.4.1 Reducing and Increasing Wheel Track ............. 
284 
8.4.2 The Effect of Yaw ..... .... ...... ..... ..... 
285 
8.4.3 Wing Flap Angle Changes 
..... .... .... ..... 
290 
8.4.4 Local Wheel Flow Features for Hubcaps On and Off ...... 
290 
9 Discussion of Results 296 
9.1 Main Characteristics of the Flow Around Wheels . ... ..... .. 296 
9.2 Wheel Jetting Flow ............................ 299 
9.3 Discussion of the Wheel Wake Characteristics ... ... ....... 
301 
9.4 The Presence of a Front Wing ...................... 
309 
10 Conclusions and Further Work 315 
10.1 Conclusions 
................................ 315 
10.2 Recommendations for Further Work . ... ..... ... ..... .. 321 
A Experimentation Using the Water Tunnel 323 
A. 1 Details of the Moving Carriage System .... ... .......... 
323 
A. 1.1 The Wheel Mounting System 
.................. 
324 
A. 1.2 Wheel and Carriage Velocity Measurements .......... 
326 





B Experimentation using the Honda Wind Tunnel 331 
B. 1 Wind Tunnel PIV: Experimental Details ...... ..... ..... 
331 
B. 2 Flow Visualisation in Air: Experimental Details ..... . ... ... 
332 
B. 3 Wheel Drag Measurements in Air: Experimental Details ....... 
335 
B. 3.1 Bearing Tares 
........................... 
336 
B. 4 PIV Experiments in the Honda Wind Tunnel: Technical Specifications 338 





List of Figures 
1.1 Shaded area represents general flow field area of interest ....... 
36 
2.1 Drag reduction over a 2-D cylinder at critical Reynolds number ... 
41 
2.2 Characteristics of flow past a 2-D circular cylinder . ..... ..... 
42 
2.3 Flow around a finite length cylinder (Zdravkovich et al. 1989) .... 43 
2.4 CD at varying cylinder aspect ratio (L=cylinder length, D=diameter) 
square, round, solid and triangular symbols represent different exper- 
iments with a best-fit line based on collective data. (Zdravkovich & 
Flaherty 1998) 
............................... 44 
2.5 Comparison of vortex shedding frequencies at location X/D=3, Y/D=2, 
Z/D=0.5 from the origin at the centre of the cylinder (Park & Lee 2004) 46 
2.6 Flow visualisation of the flow over a cylinder; Free-stream (left), Ground 
presence (right) .............................. 47 
2.7 Negative lift induced by the Magnus force on a rotating cylinder; 
F=Force, U=free stream velocity .................... 
47 
2.8 Lift and drag coefficients measured as a result of changing wheel ground 
clearance. e/2R represents ground clearance e, non-dimensionalised 
with the wheel diameter, 2R (Data from Cogotti published in Katz 
(1995)) 
................................... 52 
2.9 Wheel model used by Fackrell in the Donald Campbell 5ft x 4ft wind 
tunnel ................................... 
53 
LIST OF FIGURES 
2.10 Flow over a rotating (left) and stationary (right) wheel Re=0.53 x 106 
(Fackrell 1973) .............................. 
54 
2.11 Flow separation over a rotating wheel, postulated by Fackrell ..... 54 
2.12 Wake structures behind an isolated wheel from theory (left; Isometric 
view. Right; upstream view) presented by Cogotti (1983) .... ... 57 
2.13 Wake structures behind an isolated wheel (upstream view) presented 
by Mercker & Breuer (1991) ....................... 
58 
2.14 Proposed revised wake structures (upstream view) as a result of exper- 
imentation behind an isolated Formula 1 wheel presented by Sadding- 
ton et al. (2007) .............................. 
59 
2.15 Proposed 3-dimensional wake structure for an isolated stationary and 
rotating wheel by Waschle (2007) Arrows indicate direction of vorticity 60 
2.16 Low Reynolds number 2-D model for flow in corners (Fackrell 1973) . 61 
2.17 Centreline pressure coefficient distribution around stationary wheels 
with AR=0.5 (dashed line) and AR=0.46 (solid line). Peak marked as 
`A' is due to the `jetting' flow just ahead of the contact patch (Fackrell 
1973) .................................... 61 
2.18 Centerline pressure coefficient distribution around wheels with AR=0.46 
(dashed line = Stationary, solid line = Rotating. Peak marked as `A' 
is due to the `jetting' flow just ahead of the contact patch (Fackrell 1973) 62 
2.19 Centerline pressure coefficient distribution around a rotating wheel 
with AR=0.53 (Peak marked as `A' is due to the `jetting' flow just 
ahead of the contact patch, negative peak `B' suction peak just behind 
the contact patch (Mears et al. 2004) ....... ..... ..... 
63 
2.20 Time averaged PIV velocity vectors at the centre rear of the contact 
patch of a rotating wheel in the stream-wise plane (Mears et al. 2004) 64 
2.21 CFD prediction of velocity vectors at the center rear of the contact 
patch in the stream-wise plane (Mears & Dominy 2004) ....... 
65 
Page 12 
LIST OF FIGURES 
2.22 Outer wake structure of stationary wheel (dashed lines) and rotating 
wheel(solid lines), viewing upstream (Fackrell 1973) .... ....... 
66 
2.23 Non-dimensional Vorticity contours behind an isolated wheel at a plane 
perpendicular to the flow 2.5 diameters downstream of the wheel centre- 
line (viewing upstream), (a) rotating, (b) stationary (Bearman et al. 
1988) .................................... 67 
2.24 Total pressure and vorticity contours at a plane perpendicular to the 
flow behind a 40% isolated wheel at 2.5 diameters downstream of the 
wheel centre-line (viewing upstream) (Mears et al. 2002) ....... 
68 
2.25 LDA data at planes perpendicular to the flow in the wake of a 40% 
scale, isolated wheel model, viewing upstream, dashed contours nega- 
tive vorticity, solid contours positive vorticity (Knowles et al. 2002) . 69 
2.26 More recent LDA Data of planes perpendicular to the flow, viewing 
upstream in the wake of a 50% scale, isolated wheel model, at planes; 
60% (X/D = 0.6), 75% (X/D = 0.75) and 100% (X/D = 1) (Sadding- 
ton et al. 2007) .............................. 70 
2.27 PIV interrogation zones in the stream-wise plane (defined here by the 
Y-Z axis) and the span-wise plane (defined here as the X-Z axis) (Mears 
et al. 2004) ................................ 73 
2.28 PIV velocity data in two stream-wise planes (defined here as Y-Z and 
X-Z planes) of a 40% isolated wheel (Mears et al. 2004) ........ 74 
2.29 Vector and velocity contours behind a 33% isolated Formula 1 wheel 
at planes perpendicular to the flow, viewing upstream (Waschle & Cyr 
2004) .................................... 75 
2.30 Velocity contours in the stream-wise direction at planes perpendicular 
to the flow downstream, for in-line and cambered 40% isolated wheels. 
From Knowles et al. (2002) ... .... ...... ....... . .. 
77 
Page 13 
LIST OF FIGURES 
2.31 Drag (left graph) and lift(right graph) coefficients for an isolated sta- 
tionary wheel at different yaw angles (Cogotti 1983) ....... ... 
79 
2.32 Pressure distribution around an isolated rotating wheel at yaw angles 
of 3= 0° and /3 = 5° (Mears 2004) .... ......... .... .. 
80 
2.33 Computational mesh with 538,350 cells (Axon & Garry 1998) .... 82 
2.34 Computational pressure distribution around the centre-line of an iso- 
lated rotating wheel. Comparisons with Fackrell's experimental data 
(Axon & Garry 1998) ........................... 
82 
2.35 Flow over the top of a rotating wheel from CFD predictions (Basara 
et al. 2000) ..... ....... . .... ... ... ......... 
84 
2.36 Pressure distribution around a rotating wheel from CFD predictions 
compared against experimental data from Fackrell (Basara et al. 2000) 85 
2.37 Streamlines around an isolated rotating wheel, from McManus & Zhang 
(2006) 
................................... 85 
2.38 Cross-flow velocity behind a rotating wheel at X/D = 0.72 down- 
stream (Waschle 2007) . ..... ........ ............ 
87 
2.39 Path-lines around an isolated rotating wheel, from Wray (2003) ... 88 
1 2.40 Developments in front wing and endplate systems ........... 
90 
2.41 Front wing lift and drag coefficient increases due to ground effect 
(Zhang & Zerihan 2001) ......................... 
91 
2.42 Front wing endplate vortex; Stationary and moving ground planes as 
viewed in a plane perpendicular to the free-stream, looking upstream 
(Garrood 2004) 
......... ... ........ .......... 
92 
2.43 Major vortical structures in the wake of a simplified wing and endplate 
in ground effect (Shah 2005) ....................... 
93 
Page 14 
LIST OF FIGURES 
2.44 Cross-plane LDA survey of edge vortex behind a generic, single element 
wing at x/c=1.5 and h/c=0.224 (a)stream-wise velocity (b) velocity 
vectors. Re=4.5x105, fixed transition Zhang & Zerihan (2003) .... 
95 
2.45 (left) Schematic of wing vortex structures and (right) smoke visuali- 
sation of resulting wake vortex system from a plane perpendicular to 
the free-stream, viewing upstream (Pegrum 2006) ........... 
95 
2.46 Non-dimensional time-averaged vorticity of the main vortex from a 
front wing as it passes beside a rotating wheel where h is the height of 
the wing and Cmp is the chord. The front wing is mounted just ahead 
of the wheel (not shown) (Pegrum 2006) ... ... .......... 
96 
2.47 Standard positioning of a wheel with respect to the front wing. A 
configuration that was used in this research .... ... ....... 
98 
3.1 Camera viewing positions and interrogation plane geometry for three 
views .................................... 101 
3.2 Co-ordinate convention for the isolated wheel models and combined 
wheel wing models; Red cross indicates origin, located at the centre of 
the contact patch ............................. 
103 
3.3 Angular co-ordinate convention for the isolated wheel model (red lines 
through wheel centre indicates a vertical line defining the vertical Y- 
plane centre-line and vertical X-plane centre-line, and a horizontal line 
defining the stream-wise centre-line in the Y and Z-plane) ...... 
104 
3.4 X-plane; Yaw and Camber orientation as viewed from downstream .. 
104 
3.5 Drawing of the 9m Water Flume, top; plan view, bottom; side view . 105 
3.6 The flume and glass downstream end section with camera mounted . 106 
3.7 The Honda Tunnel test section and a typical racing car model .... 107 
3.8 The Honda Tunnel traverse system ................... 
108 
3.9 Cylinders 30% scale; Smaller and larger AR respectively ....... 
111 
Page 15 
LIST OF FIGURES 
3.10 Solid wheel models ... ............... ........... 
112 
3.11 Pneumatic 38% scale wheel . ...... ..... ..... ... ... 
113 
3.12 Pneumatic 50% scale wheel ....................... 
114 
3.13 Walrus nose front wing from a 2004 Williams Formula 1 car ..... 
115 
3.14 The Honda Tunnel and model Mounted in the test section ... ... 
119 
3.15 Baseline model geometry and model-scale dimensions ......... 
121 
3.16 Wheel, wing and centre-body ...................... 
122 
3.17 Basic PIV equipment setup ....................... 
124 
3.18 Graph showing the calculated displacement error for larger displace- 
ments as a function of seeding density. (Dantec Dynamics Ltd) .... 
125 
3.19 Flow diagram of automated data collection from flume PIV experimentsl30 
3.20 Wheel model viewed looking upward from underneath the road surface. 
Dye released just upstream of the model in two lateral Y-axis positions; 
at the centre-line (Y/D = 0) and at the side of the model (Y/D = 0.25) 133 
3.21 Wheel with wishbone location relative to the virtual location of the 
rest of the car ............................... 
135 
3.22 40% Scale front wheel mounted in the Honda wind tunnel ...... 
136 
3.23 Wheel and hot-wire probe in the Honda wind tunnel ......... 
137 
3.24 Circulation calculation at point i, j for estimating vorticity ...... 
142 
3.25 Processed output from artificial Lamb-Oseen data ........... 
143 
3.26 Parallax error due to off-axis alignment ................. 
148 
3.27 Cross-flow error vectors and magnitude normalised by the free stream 
velocity .................................. 
149 
4.1 Drag measurements by Cogotti from a stationary wheel, together with 
2-D cylinder results and data from these experiments on a 40% Isolated 
racing car front wheel ........................... 
156 
Page 16 
LIST OF FIGURES 
4.2 Drag measurements on 40% Isolated Front Wheel in the Honda wind 
tunnel . ... .... ..... ... ........ ..... ...... 
157 
4.3 Drag measurements on 40% Isolated, rotating front wheel (AR=0.46) 
and rotating rear wheel (AR=0.61) ................... 
159 
4.4 Drag coefficients based on a number of differing hubcap sealing ar- 
rangements using a 40% isolated, rotating rear wheel at Re=5x105 .. 161 
5.1 (a) Left frame: dye released at Z/D = 0.5, (b) Right frame: dye 
released at Z/D = 0.05 or 10mm above ground ............. 
164 
5.2 (a) Left frame: Stationary wheel (b) Right Frame: Rotating wheel. 
Dye released at Z/D = 0.05 or 10mm above the ground ........ 
165 
5.3 (a) Left frame: Stationary (b) Right Frame: Rotating. Dye released 
at Z/D = 0.95 or 10mm below top of wheel .............. 
165 
5.4 Dye tracer released near the top of the wheel at the centreline of the 
wheel width (a) Left frame: Stationary wheel, (b) Right frame: Ro- 
tating wheel. U,,. =0.05 .......... ... ..... ........ 166 
5.5 Comparison of instantaneous versus ensemble-averaged non-dimensionalised 
velocity and vorticity (S)from the near wake of a rotating sharp edged 
cylinder (AR = 0.54) at X/D=0.55 ................... 
169 
5.6 Non-dimensionalised vorticity plots in the Y-plane (Y/D = 0) using a 
rotating cylinder with an AR = 0.54. Result of ensemble averaging . 170 
5.7 Comparison of X-plane vorticity and velocity at X/D = 0.55 behind a 
simple cylinder at two different aspect ratios (AR = 0.38 and AR = 0.54)172 
5.8 Comparison of X-plane non-dimensionalised vorticity above S=0.7 
and velocity at X/D = 2.4 behind a simple cylinder with two different 
aspect ratios ............................... .. 
174 




LIST OF FIGURES 
5.10 Z-plane at 2 X-axis locations, just above the contact patch of the larger 
AR cylinder, `A' and `E' Nodes. `B' Stagnation in front of the contact 
patch. `C' and `D' Flow around the edges of the contact patch. Non- 
dimensionalised velocity vectors and contours of magnitude ...... 176 
5.11 Close up view of area `A' shown in Figure 5.10(a) ........... 
177 
5.12 Z-plane, just above the contact patch of the smaller AR cylinder, red 
dashed line indicates wheel profile at the stream-wise horizontal centre- 
line. Non-dimensionalised velocity magnitude ............. 
178 
5.13 Z-plane, at the horizontal centre-line of the larger and smaller AR 
cylinders, non-dimensionalised U component velocity Contours. Flow 
is from left to right .... ..... ... .......... ... ... 
180 
5.14 Y-plane, at the longitudinal centre-line (Y/D = 0) of the larger and 
smaller AR cylinders, non-dimensionalised velocity vectors. Coloured 
contours show reversed flow only .... ...... 181 
5.15 All Y-planes behind the cylinders at Y/D = 0, contours are non- 
dimensionalised U component velocity . ........ ..... ... 
182 
5.16 X-plane, just behind the wheel (X/D = 0.55) of a 38% pneumatic 
racing wheel, non-dimensionalised vorticity and velocity vectors ... 183 
5.17 X-plane, further downstream locations in the wake of a 38% pneumatic 
racing wheel, non-dimensionalised vorticity and velocity vectors ... 184 
5.18 Non-dimensionalised total positive and negative circulation at X-plane 
locations in the wake of a 38% pneumatic wheel ............ 186 
5.19 Non-dimensionalised vorticity, X-plane locations in the wake of a 38% 
pneumatic wheel ............................. 
187 
5.20 X-plane, local wake of a 33% low AR racing wheel, non-dimensionalised 
vorticity and velocity vectors ....................... 
189 
5.21 Diagram showing overhang region in the Y-plane and the contact patch 
and interrogation region in the Z-plane ................. 
190 
Page 18 
LIST OF FIGURES 
5.22 Wheel Profiles; Left: Small contact patch. Right: Large contact patch. 
Wheel mounted in the water tunnel ... .... . ..... ... ... 
191 
5.23 38% rotating pneumatic wheel, Z-plane, just above the road, non- 
dimensionalised vector and velocity magnitude of flow toward the con- 
tact patch and in the near wake behind the contact patch ....... 
194 
5.24 38% rotating pneumatic wheel, large CP, Z-plane, just above the road, 
re-scaled non-dimensionalised vector and velocity magnitude of flow 
close to the contact patch in the near wake ............... 
195 
5.25 38% rotating pneumatic wheel, Z-plane, 30mm above the road (Z/D = 
0.12), re-scaled non-dimensionalised vector and velocity magnitude .. 196 
5.26 The wake behind a 38% rotating pneumatic wheel, Y-plane, at the 
wheel center-line (Y/D = 0), non-dimensionalised vector and velocity 
magnitude .... . .... ........ ... ..... ..... ... 
197 
5.27 38% rotating pneumatic wheel, large CP, Y-plane, at the wheel center- 
line. A close-up plot of non-dimensionalised vector and velocity mag- 
nitude . ...... ...... . ........ ..... ........ 
199 
5.28 Non-dimensionalised crossflow vectors, X-planes rearward of the con- 
tact patch of a 38% rotating pneumatic wheel, small CP ....... 
200 
5.29 Streamlines and non-dimensionalised velocity magnitude due to the 
front jetting flow 38% rotating pneumatic wheel, Z-plane, just above 
the contact patch (Z/D = 0) ....................... 
201 
5.30 Non-dimensionalised U-component velocity due to the front jetting 
flow 38% rotating pneumatic wheel, Y-plane, just outboard of the 
wheel profile . ..... ..... ... ..... ... .... . ..... 
203 
5.31 Non-dimensionalised instantaneous U-component velocity contours due 
to the front jetting flow 38% rotating pneumatic wheel, Y-plane, just 
outboard of the wheel profile ...................... .. 
204 
Page 19 
LIST OF FIGURES 
5.32 38% rotating small CP pneumatic wheel, Z-plane, at the wheel hor- 
izontal centre-line (Z/D = 0.5). Plot of non-dimensionalised vector 
and U-component velocity magnitude .................. 
205 
5.33 Non-dimensionalised velocity vectors and magnitude at X/D = -0.53 
ahead of a 38% rotating pneumatic wheel. The support arm of the 
wheel is on the right (not shown) .................... 
207 
6.1 A graph of slip angle versus lateral force for a typical racing tyre in 
contact with the ground (Milliken & Milliken 2004) . ......... 
211 
6.2 X-plane, just behind the rear of the wheel and further downstream of a 
-6° yawed 38% pneumatic racing wheel, non-dimensionalised vorticity 
and velocity vectors ............................ 
212 
6.3 X-plane; X/D = 0.55, comparison of non-dimensional cross-flow veloc- 
ity magnitude for increasing yaw angles. (Magnitude contours below 
0.1 not shown) .............................. 
213 
6.4 Circulation plotted against downstream distance in the wake of a 38% 
yawed pneumatic racing wheel. (feint grey lines show the in-line cases) 215 
6.5 A compilation of vorticity contour planes downstream of a 38% pneu- 
matic racing wheel for an in-line and -6° yaw. Contours of significant 
non-dimensionalised vorticity .... .......... ........ 
216 
6.6 Z-plane contour plots of non-dimensionalised U velocity for yaw angles 
of +6° and -6° respectively, for a rotating isolated wheel .... ... 
217 
6.7 Z-plane non-dimensional vector and contours of U component velocity 
at a plane just above the contact patch for an in-line and ±6° yawed 
rotating isolated wheel (circled area shows the apparent stagnation node) 218 
6.8 X-planes at X/D = 0.55 and X/D = 2.5 downstream of an in-line 
and -6° yawed 38% pneumatic racing wheel, contours of Standard 
Deviation a above 0.11 are plotted ................... 
220 
Page 20 
LIST OF FIGURES 
6.9 Contours of Standard Deviation o above 0.11 in the wake of the 38% 
pneumatic racing wheel for in-line and -6° yawed flow .... .... 
221 
6.10 Non-dimensionalised X-plane crossflow vectors, 38% +6° yawed rotat- 
ing pneumatic wheel, small CP ..................... 
222 
6.11 X-plane, just behind the rear of the wheel and further downstream 
of a +2° cambered 38% pneumatic racing wheel, non-dimensionalised 
vorticity and velocity vectors ....................... 
225 
6.12 Circulation plotted against downstream distance in the wake of a 38% 
cambered pneumatic racing wheel. (faint grey lines show in-line cases) 226 
6.13 Tyre contact size (blue) for in-line and cambered or yawed wheel; `A' 
inline, low downforce; `B' Cambered/yawed, low downforce; `C' inline, 
high downforce; `D' Cambered/yawed, high downforce. Wheel moving 
from right to left ..... ........ ..... ..... ... ... 
227 
6.14 Non-dimensionalised vorticity in the near wake (X/D = 0.52) of a +6° 
yawed 38% pneumatic wheel for small and large contact patches ... 229 
6.15 Planes of Standard deviation in the wake of a +6° yawed 38% pneu- 
matic wheel for small and large contact patches ... . ..... ... 
230 
6.16 Standard deviation at Z/D = 0.05 of the flow in the wake of a +6° 
yawed 38% pneumatic wheel for small and large contact patches ... 
231 
6.17 Non-dimensionalised vorticity and velocity vector plots of the flow 
alongside a small aspect ratio cylinder with and without hubcaps 
(X/D = 0) ..... ...... . ..... ... .... . ........ 
233 
6.18 Standard deviation and velocity vector plots of the flow alongside a 
small aspect ratio cylinder with and without hubcaps (X/D = 0) .. 234. 
7.1 Discrete time signal, calibrated in terms of velocity U,,. (ms-'), from 
a hot-wire mounted above the rolling road in the free stream of the 
empty Honda wind tunnel ......................... 
237 
Page 21 
LIST OF FIGURES 
7.2 38% Pneumatic wheel models mounted in the Honda wind tunnel .. 239 
7.3 Typical PSD plot from the outer shear layer of the upper wake region 
(X/D = 1.5, Y/D = 1, Z/D = 1.2) of a stationary 38% pneumatic 
wheel at a tunnel speed of 15.4ms'1 ................... 
240 
7.4 PSD plots just outside the shear layer in the upper wake region (X/D = 
1.5, Y/D = 1, Z/D = 1.2) of a stationary 38% Pneumatic wheel model 
at a tunnel speed of 15.4nis'1 ...................... 
241 
7.5 Comparison of peak non-dimensional frequencies with respect to in- 
creasing Reynolds number at a location of X/D = 1.5, Y/D = 1, 
ZID = 1.2 behind a stationary wheel for 3 configuration variations . 242 
7.6 Main positions of dual and single hot-wire probes (Upper wake flow: 
Blue. Jetting/lower wake flow: Green. Shoulder flow: Red) Single 
wire data obtained from the positions on the right of the wheel in the 
above, left diagram ....... ... ... .... ...... ... .. 
244 
7.7 PSD plots of a stationary and rotating 38% Pneumatic wheel model at 
3 tunnel/road speeds for a hot-wire probe in the upper wake position 
(X/D = 1.5, Y/D = 1, Z/D = 1.2) ................... 
247 
7.8 Cross-Spectral Density (CSD), phase and coherence plots for hot-wire 
probes in the upper wake position (X/D = 1.5, Y/D = 1, Z/D = 1.2) 
of a rotating wheel at a speed of 15.4ms-1 ....... ... ..... 248 
7.9 PSD plots of a stationary and rotating 38% Pneumatic wheel model 
at 3 tunnel/road speeds for a hot-wire probe in the shoulder position 
(X/D = 0.5, Y/D = 0.1, Z/D = 1.2) .................. 
249 
7.10 Comparison of spectral peaks from the hot-wire probe near the jet- 
ting flow (X/D = 0.5, Y/D = 0.78, Z/D = 0.08) and the wake flow 
(X/D = 1.5, Y/D = 1, Z/D = 1.2) for a 38% pneumatic wheel at 
15.4ms-1 or Re=2.65x105 . ..... ...... ..... ....... 
250 
Page 22 
LIST OF FIGURES 
7.11 Instantaneous Z-plane, just above the road (Z/D -- 0) PIV plot of 
velocity vectors and magnitude with streamlines along the shear layer 251 
7.12 Downstream correlation coefficients for a pair of hot-wire signals where 
the probes were mounted at equal distance from the Y-plane centreline 
at Y/D = 0.78, Z/D = 0.08. Circle to the left indicates wheel profile 252 
7.13 Spectral responses for an isolated rotating wheel at the edge of the 
lower wake at X/D =0.......................... 254 
7.14 Spectral responses for an isolated rotating wheel at the edge' of the 
lower wake at X/D = 0.4 . ..... ... ... .... ... ..... . 
255 
7.15 Spectral responses for an isolated rotating wheel at the edge of the 
lower wake at X/D = 2.4 . ........ ..... ........ ... 
256 
7.16 Smoke visualisation images of the wake at X/D = 0.52 at time inter- 
vals of 5ms .... . ...... ... ... ..... ..... ... ... 
258 
8.1 Planes of PIV data spaced at 50mm obtained in the Honda wind tunne1262 
8.2 Representation of actual images and the equivalent isometric models 
used for plotting data. Plots are non-dimensionalised with wheel di- 
ameter .................................. 263 
8.3 Plots of vorticity identifying the main vortex structures from the iso- 
lated wing and isolated wheel ...................... 
265 
8.4 Isolated wing, inboard wheel side, planes 1 to 4, baseline configuration. 
Non-dimensionalised vorticity and velocity vectors at 50mm separa- 
tion. (areas bounded by red dashed lines are masks) .... ... ... 
267 
8.5 Isolated wing, inboard wheel side, planes 5 to 8, baseline configuration. 
Non-dimensionalised vorticity and velocity vectors at 50mm separa-. 
tion. (areas bounded by red dashed lines are masks) .... ...... 
268 
8.6 Isolated wing, isometric view, baseline configuration. Planes of non- 
dimensionalised vorticity and velocity vectors at 50mm separation .. 
269 
Page 23 
LIST OF FIGURES 
8.7 Rotating wheel and wing. Comparison of instantaneous versus ensemble- 
averaged data at X/D = 1.1 (non-dimensionalised vorticity and veloc- 
ity vectors) ................................ 
271 
8.8 Rotating wheel and wing, inboard wheel side, planes 1 to 4, baseline 
configuration. Non-dimensionalised vorticity and velocity vectors at 
50mm separation ............................. 
273 
8.9 Rotating wheel and wing, inboard wheel side, planes 5 to 8, baseline 
configuration. Non-dimensionalised vorticity and velocity vectors at 
50mm separation ............................. 
274 
8.10 Far field, baseline configuration with a rotating wheel. Planes of non- 
dimensionalised significant vorticity and velocity vectors at 50mm sep- 
aration, from 50mm behind the wheel ..... .... . ..... ... 
276 
8.11 Wing and stationary wheel (left) compared with rotating wheel (right), 
inboard Wheel side, planes 1 (front), 4 (mid) and 8 (rear) of wheel, 
baseline configuration. Non-dimensionalised significant vorticity and 
velocity vectors at 50mm separation ................... 
278 
8.12 Isometric view of baseline configuration comparing stationary and ro- 
tating wheel. Planes of significant non-dimensionalised vorticity ... 279 
8.13 Comparison of isolated rotating wheel with that of a combined wheel 
and wing at X/D = 1.1 (non-dimensionalised vorticity and vectors) . 282 
8.14 Comparison of isolated rotating wheel with that of a combined wheel 
and wing at X/D =2 (non-dimensionalised vorticity and vectors) .. 283 
8.15 Wing and rotating wheel. Near field, X/D =0 position, vorticity and 
velocity vector plots of changes to wheel track ..... ..... ... 
285 
8.16 Wing and rotating wheel. Near field, X/D =0 position, vorticity and 
velocity vector plots of changes to wheel and wing yaw angle relative 
to the free stream . ......... . ..... ..... ..... ... 
287 
Page 24 
LIST OF FIGURES 
8.17 Wing and rotating wheel. Near field, X/D = 0.65 (50mm rear of 
wheel), vorticity and velocity vector plots of changes to wheel and 
wing yaw angle relative to the free stream . ..... ... ...... 
288 
8.18 Isometric rear view of in-line wing and rotating wheel configuration 
compared with -4° yaw angle. Planes of non-dimensionalised signifi- 
cant vorticity ............................... 
289 
8.19 Flap angle increasing from 17°to 23°, non-dimensionalised significant 
vorticity and velocity vectors at X/D = -0.42, indicated circulation 
based on the strength of the fence vortex ................ 
291 
8.20 Flap angle increasing from 17°to 23°, non-dimensionalised significant 
vorticity and velocity vectors at X/D = 0.65, indicated circulation 
based on the strength of the fence vortex ..... ..... ..... . 
292 
8.21 Comparing hubs on with hubs off configurations for 2 X-planes at 
the front of the rotating wheel and at the rear of the. wheel, non- 
dimensionalised vorticity and velocity vectors .... ... ... ... 
294 
8.22 Comparing hubs on (left) with hubs off (right) for X/D = 0.35 plane at 
the rear of the rotating wheel, non-dimensionalised velocity magnitude 
and vectors ................................ 
295 
9.1 Vortex identification just behind the wheel (X/D = 0.55) and half a 
diameter downstream (X/D = 1) comparing rotating and stationary 
wheel cases ................................ 
298 
9.2 Direction of jetting flow (orange arrows) ................ 
300 
9.3 X-plane, ensemble-averaged PIV plot at X/D = 0.55 of a 38% rotating 
pneumatic racing wheel. (non-dimensionalised vorticity and velocity 
vectors) .................................. 
304 
9.4 Circulation in the lower and upper wake of a 38% rotating pneumatic 
racing wheel ................................ 
305 
Page 25 
LIST OF FIGURES 
9.5 Iso-contours of vorticity in the wake of a rotating sharp-edged cylinder 
showing vorticity along the side faces of the cylinder and vorticity from 
the upper vortex pair ........................... 
308 
9.6 Comparison of the vortex system at X/D = -0.11 between an isolated 
wing and a wing with a rotating wheel present ............. 
313 
A. 1 The carriage assembly .......................... 
325 
A. 2 View of the experiment from the end of the flume .... ... .... 
326 
A. 3 The wheel mounting system .... .......... ......... 
326 
A. 4 Wheel model attached to carriage . ....... ... ... ...... 
327 
A. 5 Graphs of carriage velocity as measured by an independent optical 
encoder system . ....... ... ............. ...... 
328 
A. 6 Schematic diagram of water tunnel and associated experimental equip- 
ment .................................... 330 
A. 7 Turbulence intensity measured at the interrogation location following 
a carriage/model pass ... ..... ... ....... ... ... ... 
330 
B. 1 Schematic diagram of Honda wind tunnel test section and associated 
experimental equipment. In phase 1 the laser, camera and mirror were 
mounted on a frame (blue area) which could be displaced in the X-axis-332 
B. 2 Laser and camera assemblies for phases 1 and 2......... ... 333 
B. 3 Diagram of the experimental setup for flow visualisation in the wind 
tunnel . ... ....... ..... ... ..... ... ..... ... 
334 
B. 4 The wheel model mounted to the axle and centre-body assembly .. 335 
B. 5 Bearing tare; 40% scale Front Wheel ....... ..... ... ... 
337 
Page 26 
List of Tables 
2.1 Summary drag and lift coefficients for rotating wheels found in the 
literature (values in brackets are for stationary wheels) ........ 
56 
2.2 Drag and lift coefficients for in-line and 0= 5° yaw for an isolated, 
rotating 40% racing wheel (Mears 2004) ..... .......... . 
79 
2.3 Summary CFD based drag and lift coefficients for rotating wheels 
found in the literature (values in brackets are for stationary wheels) . 
89 
3.1 Field of view specifications for the water tunnel PIV experiments. 
Wind tunnel PIV experiments were obtained only in the X-plane view 101 
3.2 Summary of wheel models ..... ...... .... . ..... ... 
114 
4.1 Summary drag coefficients for a 40% rotating wheel using different hub 
sealing arrangements . ..... ..... ... ....... ... ... 
160 
5.1 Field of view axis convention for dye based flow visualisation ..... 
163 
5.2 Experimental contact patch configuration ... ....... ...... 
191 
5.3 Table of leading edge stagnation point variations for small and large 
contact patches as a ratio of the wheel diameter . ..... ... ... 
206 
7.1 Hot-wire experiments: Reynolds number based on the 38% pneumatic 
wheel model diameter D=0.254 ..... ..... . .... . ..... 
236 
7.2 Reynolds number comparisons . ........ ..... ........ 
236 
LIST OF TABLES 
A. 1 Reynolds numbers based on the diameter of the largest wheel model . 329 






A Frontal area 
CD Drag coefficient (d/(0.5 "p" UQA) 
CL Lift coefficient (1/(0.5 "p" USA) 
C, Pressure coefficient ((p - pß)/(0.5 "p" Ute) 
c Front wing chord (m) 
D Wheel diameter (m) 
DB Angular wheel position (°) 
(De=O at leading edge, increasing anticlockwise) 
f Frequency (Hz) 
Hu, Wheel width (m) 
h Ground height (m) 
Iw Turbulence intensity 
P. Spectral power 
P. Cross correlated spectral power 
r Radius (m) 
Re Reynolds number based on diameter of cylinder or wheel 
S Non-dimensionalised vorticity (w " D/U,,,, ) 
St Strouhal number (f " D/U,,. ) 
t Time (s) 
U11 Free stream velocity (ms-1) 







Velocity component inline with the X axis (ms-1) 
Velocity component inline with the Y axis (ms-1) 






0 Yaw angle (°) 




Dynamic fluid viscosity (kg " m-'s-1) 















Aspect Ratio (HH/D) 
Contact Patch 
Analogue to Digital Converter 
Computational Fluid Dynamics 
Charge Coupled Device 
Formula 1 
Federation Internationale de 1'Automobile 
Laser Doppler Anemometry 
Particle Image Velocimetry 
non-dimensional Power Spectral Density (Pt1 " U)l(o2 " D) 
Page 30 
LIST OF TABLES 
CSD non-dimensional Cross Spectral Density (Pc U)/(v2 D) 




1.1 Racing Car Aerodynamics 
Aerodynamics has played an integral part of car racing for many years, especially in 
Formula 1. Early Formula 1 racing cars had no aerodynamic add-on parts with the 
aerodynamic contribution coming only from the streamlined shape of the cockpit and 
central bodywork area. In 1968 inverted aerofoils were fitted to the unsprung parts 
of the car, such as the rear axles which offered big performance improvements from 
the additional downforce. Due to structural failures, these wings were, regulated in 
1969 such that they were restricted in size and could only be fitted to sprung parts 
of the car. As wings were restricted in size and any major wing developments that 
produced substantial improvements were banned, little aerodynamic advantage was 
achieved until the early 70s when designers realized that major performance gains 
could be made from `ground effect' 
Wind tunnel studies by Lotus in 1972 found that inverted wings in ground effect gen- 
erated large amounts of negative lift, which is now commonly referred to as `down- 
force'. This allowed cars to go much faster due to the huge advantage of extra grip, 
but in addition, subsequent and ongoing studies use aerodynamic effects to reduce 
drag, balance the car and efficiently cool the engine. In addition, the placement of 
a skirt around the sides of the large flat underbody of the car made maximum use 
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of ground effect by creating large regions of low pressure and hence downforce. This 
appeared on the Lotus Formula 1 car of 1977. 
In subsequent years, further aerodynamic improvements were made by including 
bodywork or modifying parts of the car that contributed significantly to aerody- 
namic performance. These included the use of inverted front and rear wings and 
endplates, turning vanes and underbody diffusers. In fact, whilst big aerodynamic 
contributors, such as wings, attracted most attention, all parts of the car were sub- 
sequently investigated and painstakingly shaped and optimised to benefit from even 
the smallest of performance gains. 
Whilst wings, endplates and turning vanes are essentially aerodynamic add-on parts 
much work was required to make the rest of the `essential' car parts as aerodynamic 
as possible, such as wing-mirrors and cockpit and it soon became clear that the 
interaction of the airflow from the, combination of these parts made optimisation 
difficult. To compound these problems was the presence of four exposed wheels, a 
requirement of open wheel racing such as Formula 1 and Indy, which contribute large 
amounts of drag and produce a highly turbulent wake. 
1.2 Exposed Wheel Aerodynamics 
The nature of Formula 1 as an `exposed wheel' racing series means that the inher- 
ent problems associated with, what are essentially comparatively large `bluff-bodies' 
either side of the front and rear of the car, are always going to be present. Tyre 
manufacturers do not generally give any aerodynamic consideration to the tyres in 
the design process and during the time since the revolution in optimised car aerody- 
namics which started in the early 70s comparatively little has been done directly to 
the wheels, by way of making gains in this area. 
The potential benefit of improvements is undeniable. Generally up to 65% of the 
cars frontal area is from wheels (Katz 1995) along with a substantial 40% of the cars 
total drag (Wright 1983), but it is not going to be possible to drastically reduce this 
whilst the wheels remain exposed to the free stream. What is possible however, is 
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gaining greater understanding of the complex flow mechanisms associated with wheel 
aerodynamics so that optimisations to the main car bodywork can be made which 
take into account effects generated by the wheels. 
1.3 Aerodynamic Interactions In and Around the 
Racing Wheel 
The wheel is a large bluff body causing a substantial turbulent wake behind it. The 
front wheels are obviously very significant due to their location producing distur- 
bances which are transmitted down either side of the car's length. Whilst the rear 
wheels, being in the wake of the front wheels and at the rear, have less of a disruptive 
aerodynamic influence, they are located close to the rear wing and more specifically, 
rear wing endplates. Due to the enormous aerodynamic contribution of the rear wing, 
rear wheel wake disruption can play a significant part in reducing the effectiveness of 
the wing or upsetting the balance of the car. 
The powerful viscous action of the airflow at the contact patch lead to a lateral, fast 
moving flow often described as a `jet' which can substantially upset the flow under the 
car due to the fact that it is generated very near the road surface and extends laterally 
some distance. The hub cavity is the location of the brake disc/hub carrier assembly 
and the airflow into and out of this can substantially effect the overall aerodynamic 
performance of the car with Formula 1 teams reporting up to a 3% increase in overall 
total drag on the car with unsealed wishbone/hub interface which allows air to pass 
through the hub cavity. 
On the inboard side of the wheel is a duct known as the brake scoop. Airflow into 
the scoop is essential for efficient cooling of brake discs that are dissipating as heat, 
kinetic energy from a car that can decelerate from 200mph to 50mph in 3 seconds. 
However too much air will result in as much as a 1.5% overall increase in drag. The 
difficulty in achieving this is compounded by the turbulent air as a result of both the 
front wing wake and the local flow field around the wheel. Because of the massive and 
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rapid rise in disc temperature during a braking event, the optimisation of the cooling 
airflow is based on the ability to prevent a rapid increase in wear due to oxidisation 
from prolonged and excessive temperatures. This is achieved by optimising the airflow 
into the brake ducts during fast, non-braking straight line sections of the track. 
1.4 Research Objectives and Thesis Structure 
The focus of this research was to investigate experimentally the airflow around iso- 
lated wheels, which are essentially rotating low-aspect-ratio cylinders in contact with 
the ground, and to gain a better understanding of the flow mechanisms involved. The 
research focused initially on simple cylinders with the correct boundary conditions 
followed by isolated wheels of basic standard configuration. Subsequently, wheel con- 
figurations with a more complex and representative geometry were examined along 
with a study of the effects of some fundamental modifying flow factors such as yaw, 
camber and contact patch size. To conclude the research, a wind tunnel study was 
carried out into how the isolated wheel flow field is modified and influenced by the 
upstream presence of a front wing. The combined wing and wheel models were ac- 
curate 50% scale representations of the full-size parts from a Williams Formula 1 
racing car. A variety of experiments were conducted during this research making 
use of modern techniques, diagnostic systems and equipment with the objective of 
gaining a greater understanding of all aspects of the flow field, but focusing on areas 
where there is a lack of experimental and computational simulation information from 
previous research studies. 
The experiments focused on the local flow field around an isolated wheel model, 
encompassing a 3-dimensional volume starting up to half a wheel diameter upstream 
to 2.5 wheel diameters downstream. This volume represents the most significant 
areas of the disturbed flow field. The relative position of this area with respect to 
the actual racing car is shown in Figure 1.1. 
The research takes advantage of a Particle Image Velocimetry (PIV) flow visualisation 
and measurement system for the bulk of the study. This is complemented by a range 
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(a) Elevation 
(b) Plan 
Figure 1.1: Shaded area represents general flow field area of interest 
of more standard measurement techniques and experiments, such as flow visualisation 
in water using fluorescent dye, in air using smoke, combined with wheel drag force 
measurements using axle mounted force transducers and hot-wire anemometry based 
in the Honda wind tunnel. 
Two main research facilities were used; 
" The 9m Water Flume and Carriage system 
" The Honda Wind Tunnel with moving ground plane 
PIV investigations were carried out in conjunction with the water flume by essentially 
mounting the wheel model underwater and moving it through the water with the aid 
of a servo driven carriage system. The disturbed flow of the wheel was recorded using 
a laser light sheet linked to the PIV system. The advantage of using water was that it 
was possible to achieve representative Reynolds numbers at much lower speeds due to 
the lower kinematic viscosity of water. With the tank walls being glass, a unique and 
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detailed study of wheel flow was possible. Further PIV experiments were carried out 
in the Honda 10ft x 5ft Wind Tunnel using representative wind and wheel models. 
Comparisons were made between the two PIV studies and also the modifying flow 
features associated with the presence of the wing. 
This thesis has been written for submission toward the degree of PhD and based 
on the outcomes from work and experiments carried out over the last 6 years on a 
part-time basis. A comprehensive literature review was carried out in chapter 2 with 
details of the experimental techniques described in chapter 3. Chapters 4 to 8 discuss 
the experimental results with the discussion, conclusions and recommendations for 




In terms of aerodynamics, isolated racing car wheels are essentially rotating, low 
aspect ratio bluff bodies producing a large separated and turbulent wake, and the 
nature of the flow structures can be investigated and measured by experimental and 
computational methods. Whilst it is recognised (Katz 1995) that open wheel racing, 
and specifically Formula 1, companies will have spent a great deal of research time 
measuring and optimising the car based on the aerodynamic characteristics of their 
wheels, not much information and research is available in the open literature. For 
obvious reasons teams keep their findings to themselves. However a number of defin- 
ing studies have been carried out, such as Morelli (1969), Fackrell (1973) and Cogotti 
(1983) which are often used as a starting point for teams and researchers interested 
in focusing on wheel flow. 
Just as not much is published on wheel aerodynamics, the opposite is true of studies 
relating to fluid flows around circular cross-section bluff bodies and some of these 
studies focus on specific characteristics or boundary conditions that are similar to 
that of an isolated racing wheel. Exposed wheel aerodynamics could be classed as a 
`special case' within a broad range of circular cylinder research topics. The airflow 
around an isolated cylinder of infinite length is a widely researched and generally 
well understood aerodynamic topic and if we take this as a starting point, then 
the following primary fundamental differences apply to the study of isolated racing 
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wheels, namely; 
" Low aspect ratio 
" Rotating 
" In contact with a boundary; the road 
The flow characteristics of wheels fitted to cars are further complicated by a range of 
possible configurations, such as; 
" Hub cavities and spokes 
" Tyre tread patterns and roughness 
" Tyre wall profiles and contact patch size 
" Yaw and camber angles 
" Brake disks and brake cooling ducting 
and furthermore by much of the rest of the racing car itself. This chapter will re- 
view research into relevant basic circular cross-section bluff-body shapes, in particular 
when these rotate and are in contact with the ground. The review will then present 
a history of the understanding of `isolated racing wheel' aerodynamics, followed by 
a presentation of past studies relating to specific features of the flow field, based on 
a critical review of published past research and experimentation including compu- 
tational studies. Finally, a short section is included of research into flow structures 
associated with a typical Formula 1 front wing and how these interact with the wheel. 
2.1 Wheel Flow 
2.1.1 Bluff Body and 2-D Cylinder Flows 
Fluid flow around circular cylinders is just one subset of bluff body aerodynamics 
that has been widely investigated and is relevant to a wide range of engineering 
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applications. Cylinders are classic `bluff bodies' and the flow will detach at all orien- 
tations (Bearman & Zdravkovich 1978). Once the boundary layer has separated, the 
detached shear layers entrain fluid from the near wake reducing base pressure. In the 
time-mean flow, the shear layers are pulled inward further downstream, eventually 
meeting and returning fluid to the base region. 
For 2-D cylinders, an important aerodynamic force component is drag. Comprising 
of skin friction drag and pressure drag, the contribution from pressure drag will be 
much higher due to large variations of pressure around the cylinder with high pressure 
at the stagnation region ahead of the cylinder and low pressure in the base region. 
Reynolds number (Re) describes the relationship between inertial forces and viscous 
forces, and is defined as 
p*U... *L Re = 
µ 
(2. i) 
where L is a characteristic length and in this study, this length is the diameter of the 
wheel D. 
The dependence of drag on Re is very important with regard to 2-D cylinder flows 
although for bodies with sharp corners generally the effect of varying Re is negligible. 
For bluff cylinders with continuous surface curvature, drag values are characterised 
by a sudden reduction known as the `critical region'; shown for a circular cylinder 
in Figure 2.1 at an Re of about 1x105. This is related to boundary layer transition 
from a laminar to turbulent state and experimentally demonstrated by Morkovin 
(1969) among others. As turbulent flow is more resistant to separation, at the critical 
Reynolds number and above, the flow remains attached further around the cylinder 
surface. This reduces the size of the wake and increases base pressure which reduces 
drag. 
At lower Reynolds numbers, the boundary layer is laminar and vortices are shed 
alternately from each side of the cylinder. This is described as the `sub-critical' 
region and the alternating vortex structure is known as the Von Karman vortex street 
(Figure 2.2). The unstable location of boundary layer transition around the surface of 
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Figure 2.1: Drag reduction over a 2-D cylinder at critical Reynolds number 
the cylinder disrupts the regular shedding of vortices, but at Reynolds numbers higher 
than the critical region (super-critical region) the boundary layer is fully turbulent 
and regular shedding in once again observed. The Strouhal number is often used to 
describe the characteristic vortex shedding frequency. This dimensionless parameter 
is defined as 
St =ÜD (2.2) 
The transition to a turbulent boundary layer is also very sensitive to parameters such 
as surface roughness and turbulence in the free stream as this leads to transition at 
lower Reynolds numbers. 
In the case of a smooth walled, infinite length 2-D cylinder the pressure gradients 
around the surface dictate the boundary layer growth, followed possibly by transition 
from a laminar to turbulent boundary layer and finally separation. In the case of 
racing wheels the development and characteristics of the boundary layer are more 
likely to be influenced by specific wheel features, such as aspect ratio introducing 
three dimensional effects, surface roughness, rotation and ground effects. 
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Figure 2.2: Characteristics of flow past a 2-D circular cylinder 
2.1.2 Aspect Ratio and 3-D Flow 
With reference to cylinders or wheels, Aspect Ratio (AR) is defined as the width 
(H,,, ) divided by the diameter (D) and racing wheels are essentially low aspect ratio 
circular cylinders and in the range of AR=0.4 to AR=0.6 and typically AR=0.54 in 
Formula 1. This leads to a significantly more complex 3-dimensional flow than just 
described. Bearman & Zdravkovich (1978) found that generally, characteristic 2-D 
flow was only apparent at aspect ratios greater than 20. Below this, the wake became 
more unstructured and turbulent and at low aspect ratios there is an absence of the 
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Figure 2.3: Flow around a finite length cylinder (Zdravkovich et al. 1989) 
Flow into the low pressure wake region from the sides leads to the formation of 
longitudinal vortices, Figure 2.3. The drag is reduced due to the flow from the sides 
into the base region raising the base pressure and the effect of this inflow displaces the 
vortex formation region further downstream. This decreases the frequency of vortex 
shedding leading to Strouhal numbers that are smaller for finite length cylinders. 
Zdravkovich et al. (1989) noted considerable base pressure asymmetry in the wake 
for very low aspect ratio cylinders (Hw/D < 3) which was bistable and hysteretic. 
Experiments carried out by Zdravkovich & Flaherty (1998) on coin-like cylinders 
found an unexpected increase in drag coefficient as AR decreased due to the increasing 
contribution of skin friction drag relative to the form, or pressure drag (Figure 2.4). 
These tests were carried out at aspect ratios of less than 1, therefore through a similar 
aspect ratio range to that of racing wheels. Interestingly, they report no characteristic 
critical Reynolds number related drag coefficient drop for coin-like cylinders as side- 
wall effects dominate the now small separation point change over the circumference. 
As a result of the sharp increase in drag coefficient as AR -º 0, they propose changing 
the projected area used to calculate CD, from that of the frontal, H, 'D to the side, 
D27r/4 defined as 
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CDS-(; D1*-, (2.3) 
where CDs is the new drag coefficient and CD is the original based on frontal area. 
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Figure 2.4: CD at varying cylinder aspect ratio (L=cylinder length, D=diameter) 
square, round, solid and triangular symbols represent different experiments with 
a best-fit line based on collective data. (Zdravkovich & Flaherty 1998) 
Of particular relevance to wheels is the reduction of drag between sharp and round 
cylinder edges. On wheels this would be the shape of the tyre wall profile. Zdravkovich 
& Flaherty (1998) noted a 33% CD reduction with round edges compared with sharp 
edges for H,, /D = 0.05. Flow visualisation detected separation bubbles along the 
flat faces from the sharp edge cylinder experiments, caused by flow separation and 
subsequent re-attachment. This separation was eliminated by rounding the cylinder 
edges which is thought to account for a large percentage of the measured reduction 
in CD. In contrast, with a rotating wheel in contact with a moving ground, results 
from Harvey & Fackrell (1974) comparing the effects of two different rounded tyre 
edge profiles found lower drag in the sharper edge type profile case. 
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hot-wire anemometry experiments were carried out by Park & Lee (2000) on the wake 
structure of finite length circular cylinders at sub-critical Reynolds numbers. These 
were mounted to the floor of the tunnel so that the flow over the top end of the cylinder 
could be studied. The 3-dimensionality in the wake was suggested to be due to the 
interaction of the separated flow over each side of the cylinder combined with a pair of 
longitudinal counter-rotating vortices originating from the free end. Measurements of 
the vortex shedding frequency at the vertical centre-line, 3 diameters from the centre 
of the cylinder downstream, showed a spectral peak at St=0.2 for large AR cases, this 
being the typical shedding frequency associated with 2-D cylinders, but as the aspect 
ratio was reduced to AR=6 the Strouhal number dropped to about St=0.15 (Figure 
2.5). Whilst these results show a downward trend in the wake shedding frequency, 
AR=6 is far higher than that of the wheel at approximately AR=0.5. However it 
does indicate that by reducing aspect ratio, 3-dimensional effects become increasingly 
dominant. 
Park & Lee (2004) also carried out a study of variations to the shape of the free-end 
corner of a cylinder with an AR=6. The configurations included flat (sharp corner), 
beveled, radiused and hemispherical. Out of the end configurations tested, the flat, 
sharp edged end resulted in a higher wake turbulence intensity compared to the more 
profiled configurations. A recirculation bubble, apparent in the flat (sharp edged) 
tip experiment was reduced for other profiles with a result that the size of the wake 
bounded by the outer shear layer was not as wide as in the flat tip case. Although 
this experiment gives a pointer to possible local flow features associated with the 
sides of wheels, the study was carried out to investigate structural effects of wind 
around buildings and therefore the addition of roughness on the floor of the tunnel 
to simulate an atmospheric boundary layer may reduce the relevance of the study 
to wheel wake flows. These findings have some relevance to the racing wheel when 
considering tyre profiles, but they are further complicated by the action of rotation, 
the ground plane and specific wheel features such as hub cavity and brake duct flows. 
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Figure 2.5: Comparison of vortex shedding frequencies at location X/D=3, 
Y/D=2, Z/D=0.5 from the origin at the centre of the cylinder (Park & Lee 2004) 
2.1.3 The Presence of the Ground and Influence of Rotation 
Just as the regular shedding of vortices is suppressed by reduced aspect ratio, when 
a 2-D cylinder is in contact with a ground plane, the same is true with the ground 
inhibiting the formation of a vortex street. This effect was observed by Bearman 
& Zdravkovich (1978), although the influence of a boundary layer along the fixed 
ground would not be applicable to the wheel, where the air flow and ground would 
move together relative to a fixed wheel in a wind tunnel experiment. By using 
a large aspect ratio cylinder spanning the wind tunnel, 3-dimensional end effects 
were removed. Spectral analysis experiments were carried out using a hot-wire at a 
Reynolds number of 4.5x104 and data obtained for different gap distances between 
the cylinder and the ground. Regular vortex shedding was apparent in the free stream 
and for distances between the cylinder and the plate down to 0.3 diameters. Below 
this, regular vortex shedding disappeared. 
With the cylinder in contact with the ground plane, a large separated wake still 
exists and the cylinder experiences positive lift due in part to the high pressure in 
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the stagnation region at the wheel/boundary location (see Figure 2.6). 
Figure 2.6: Flow visualisation of the flow over a cylinder; Free-stream (left), 
Ground presence (right) 
Flow passing over a rotating 2-D circular cylinder in a free stream away from bound- 
aries will induce a transverse force known as the Magnus effect. In the case of cylinder 
rotation, where the induced flow over the top surface is opposing the free stream, the 
local velocity will decrease thus raising the static pressure. On the lower side both 
the cylinder induced flow and free stream reinforce each other and local velocities in- 
crease dropping static pressure. The result is a net downforce or negative lift, shown 
diagrammatically in Figure 2.7. 
EEEEEEE 
F 
Figure 2.7: Negative lift induced by the Magnus force on a rotating cylinder; 
F=Force, U=free stream velocity 
Experiments on wheels, described in the next section, have shown that as a rotating 
wheel approaches the ground negative lift changes sign when ground contact is made. 
Contact prevents the flow from passing between the wheel and the ground. 
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2.1.4 History of Experimental Research into Isolated Wheel 
Aerodynamics 
The most commonly used tool for carrying out aerodynamic experiments on road 
vehicles and racing cars has been the wind tunnel. The evolution of this type of 
testing started in the early 70s with the recognition that aerodynamics could play 
an important role in maximizing the performance and handling of a car. Early 
experiments were carried out using solid stationary wheels; essentially short cylinders, 
but rapidly moved on to solid rotating wheels with a representative shape of the full 
size hub and tyre assembly. By using a moving ground plane, also known as a rolling 
road, with a velocity matched to that of the free stream and the wheel allowed to 
rotate in contact with the road, the fundamental boundary conditions are met. 
Further systems and enhancements are often incorporated to improve the accuracy of 
the simulation, such as the use of boundary layer removal systems ahead of the rolling 
road. More recently, researchers have recognised the importance of loading compliant 
wheels, such as wheels with pneumatic tyres, to create the interface area between the 
wheel and the road, known as the contact patch, with much closer similarity to real 
conditions. Changing the size of the contact patch results in tyre sidewall profile 
deflection which should be reproduced correctly during experimentation. 
One of the problems faced by researchers is understanding and measuring dynamic 
changes in the size of the contact patch and tyre wall profile. In real conditions, such 
as during a race a range of factors may affect the contact patch size, such as the 
position of the car on the circuit, whether the car is cornering, in the wake of another 
car, or other factors such as the wear and temperature of the tyre. Whilst there are 
less dynamic variables to consider with a model in a wind tunnel there are some; 
for example, if the pre-load on the stationary wheel squashes the tyre to obtain a 
pre-determined contact patch size, how does this size vary when the wheel is rotating 
in the air-stream? This parameter is very difficult to measure in a conventional wind 
tunnel/rolling road experiment and could be complicated by changing dynamic effects 
from sources such as tyre or rolling road belt heating during the experiment causing 
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contact patch variations. 
Many wheel studies such as Morelli (1969) and Cogotti (1983), have focused on 
obtaining lift and drag measurements directly using calibrated load cells. Whilst drag 
measurements are relatively simple to obtain, lift measurements are more challenging 
because the vertical direction of force acts against the ground on which the wheel is 
resting. In recent years, investigators are achieving increasing success in measuring 
lift by placing the force balance under the wheel and moving belt assembly. By way of 
recognition that wheel lift measurements are an important parameter, refinements in 
under belt measuring systems are advancing rapidly and many of the larger Formula 
1 wind tunnels now have systems that can produce more reliable and accurate results. 
As a result of the problems associated with direct lift force measurements, researchers 
used an indirect method where lift force was derived by integrating the surface static 
pressure at discrete points around the circumference of the wheel. The main practical 
difficulty of this method, was that to obtain high angular resolution and quality, the 
pressure measurement instrumentation had to be contained within the rotating wheel 
presenting practical difficulties passing the data out of the model. The first successful 
attempt at this technique was Fackrell (1973) and subsequently repeated by others 
such as Skea et al. (2000), Mears & Dominy (2004) and Hinson (1999). 
As well as the issues described above, of fundamental importance is the suitability of 
the model tyre to accurately match the static and dynamic characteristics of the real 
tyre and both Michelin and Bridgestone have worked hard in recent years to produce 
wind tunnel pneumatic model tyres of 50 or 60% scale that can be relied on to follow 
the characteristics of their full-size counterparts. 
One of the earliest research studies into wheel aerodynamics was carried out by Morelli 
(1969) who attempted to measure lift using direct force measurement techniques on 
a wheel fitted with a Dunlop tyre during experiments involving the wheel in isolation 
and also with a shroud as would be the case of a wheel rotating in a wheel arch. 
The wheel was rotated at the same speed as the air, using a DC motor and the 
wheel assembly was mounted above a stationary ground plane in the form of a flat 
plate. A small recessed gap under the contact patch completed the configuration 
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allowing the wheel to rotate without any contact with the plate. It was thought 
that this gap would adequately simulate the effect of the wheel in contact with the 
road. The configuration was flawed in that the correct boundary conditions were not 
met, namely a moving ground plane, and the biggest erroneous factor was that force 
measurements indicated that lift was acting towards the ground. Later studies using 
direct force measurements, for example by Stapleford & Carr (1970) and Cogotti 
(1983), found that when the wheel was in proper contact with the ground, lift force 
reversed, acting in an upward positive direction. This finding was corroborated by 
Fackrell (1973) and others using pressure integration techniques. 
Stapleford & Carr (1970) carried out force and pressure measurements during exper- 
iments at M. I. R. A. (using a fixed ground) and at Imperial College (using the Donald 
Campbell 4.5ft x 4ft wind tunnel fitted with a rolling road). A simple Formula 1 
model was suspended above the rolling road using an overhead balance and experi- 
ments conducted at a Reynolds number of 2x105 based on wheel diameter. Boundary 
conditions were satisfied except that they left a small gap, sealed with strips of paper, 
between the wheels and road so that they could resolve the lift force acting on the 
wheel. Results revealed wheel lift acting in a positive direction and a reduction in 
the amount of lift was apparent by the action of rotation. Drag was also found to 
drop with rotation, which was confirmed by Cogotti (1983) in a later study. A static 
pressure survey was also carried out by Stapleford & Carr as part of this research. A 
static pressure probe was positioned close to the surface of the wheel at the centre 
of the width of the tread. Pressure readings taken from a manometer were made at 
angle steps of 30 ° anti-clockwise from the horizontal centre-line at the front of the 
wheel, although it was not possible to measure close to the line of contact of the 
wheel with the road (the contact patch). As expected, positive pressure (CC = 1) was 
measured at the stagnation region at the front of the wheel and dropped to a negative 
pressure behind. the contact patch and essentially remained negative and relatively 
constant around to the rear of the wheel until the point of separation at 290'. Due 
to the large angle spacing resolution of the data, fine detail of the pressure around 
the wheel was missing and whilst data obtained in the wake is likely to be reasonably 
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accurate, at other points such as between the leading edge and the top of the, wheel, 
the problems of probe interference are likely to be more significant. 
Some concern was expressed that the experiments were conducted at a Reynolds 
number of 2x105, which would fall roughly in the critical region and may give rise 
to repeatability errors. Repeatability was measured and found to be of the order of 
10% which was accepted as satisfactory by Stapleford & Carr, but would generally 
not be' considered good enough to infer conclusions with any degree of confidence. 
Cogotti (1983) carried out some isolated road car wheel experiments in the Pinin- 
farina open jet wind tunnel in Italy. An A. C. motor was used to spin the wheel 
at a rotational speed that would be required to achieve a wheel velocity of 38ms-1; 
matching the velocity of the air in the wind tunnel. Again the correct boundary 
conditions were not observed as the ground plane was stationary. Cogotti recognised 
the importance of sealing the gap between the wheel and the ground as experiments 
measuring lift and drag coefficients for different ground clearances demonstrated the 
sudden reversal of lift from negative to positive as the gap was closed, whilst drag 
shows only a small increase (Figure 2.8). Cogotti placed some thin foam rubber in the 
gap between the spinning wheel and stationary road to simulate a ground clearance 
of zero. 
Also discussed was how the critical Reynolds number might significantly affect the 
drag measurements and he carried out some experiments on a stationary wheel in the 
wind tunnel over a range of Reynolds numbers from 1x105 to 1x106. He concluded 
that there were critical lift and drag reductions of 50% and 12.5% respectively at 
Re=1.5x105. He suggested that all future isolated wheel wind tunnel testing should 
be carried out at Reynolds numbers greater that 1x106. The action of rotation has 
been shown to significantly alter the local flow field and the mechanisms by which 
the separation takes place, in Stapleford & Carr (1970) and Fackrell (1973) to name 
but two, and as such this conclusion cannot be extended to a rotating wheel with 
correct boundary conditions without further experimentation. 
Cogotti made use of wheels derived from a road car, which were different in terms of 
aspect ratio and hub configuration compared with the previously discussed studies, 
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but his results based on direct drag and lift measurements of an isolated road wheel 
in contact with the ground, showed a small CD reduction of 2.4% and a CL reduction 
of 34% for a rotating wheel when compared with the stationary case. He also "noted 
a larger reduction in drag of 16% (rotating wheel) and 8% (stationary wheel) when 
smooth hub caps were fitted flush to both sides of the wheel. Whilst Morelli and 
Cogotti's experiments were insightful, neither was a completely true representation, 
as they did not use a moving ground and simulated ground contact with a paper or 
foam interface and hence the parts of the wheel nearest the ground were affected by 
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Figure 2.8: Lift and drag coefficients measured as a result of changing wheel 
ground clearance. e/2R represents ground clearance e, non-dimensionalised with 
the wheel diameter, 2R (Data from Cogotti published in Katz (1995)) 
Fackrell (1973) was the first to simulate correct boundary conditions with a wheel 
rotating on a moving belt. The experiments were carried out at Imperial College in 
the Donald Campbell 4.5ft x 4ft wind tunnel on a generic, rigid metal isolated racing 
car wheel model with a diameter of 0.416m. This corresponded to a wheel 64% of the 
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size of it typical F1 racing wheel. Three differeiºt wheel widths were le'st cd: A=0.108111. 
B==O. 1T liii and C'=0.2351i wit h two variations of wheel edge l)roýliles (lýýscril)e(l as A I. 
BI and Cl wit lh more radillse(l edges and A2. B2 and C'2 which were less ra(lilIse(l. 
Fackrell's choice of wheel was based oii a decision to operate at it Reyiu)lcls iiiuºilx'r 
ul lip, slIper (. 1.111(.; 11 rr 1()n. 
Figure 2.9: A\ 1 'ýýl model used I)v l . ic hreil in t lip 1)(ild (': impIu !I , -)11 x ICt vv iu(l 
t tills e1 
Lift and drag were ealcnlat cd 1, v üit c'grat ing t the pressure dirt rib nit 1011 a rol lind the c"ir- 
cltriil'eretic"e. "I'he 1cdIIiiglw made use of it series of pressure tappings aIc"rcoss 11w widt11 
of the wheel ý ýýuu<ý< tal to at pressiire t raiisd1t("er and angle iliclexer iºisicle I he wheel. 
wit li t he signals heilig pissed out of I Ile "lied nsilit; silver graphit e slip riiºgti all( wiiig 
wheel rotation. Using the indexer it was possible to obtail1 l)11'55111(' c"Oc'llic"ic'lit5 rit all 
angles carcntiº<1 I lie circuniferenre of the wheel and hence perform t lie nit egret loll t oý 
generate lift aucl drag coeflic"ieuts. Proper 5eaili ig of the gash hetweeii FOa(1 mid wheel. 
Wits recognised a being essential for a correctly siiiiilaat('(I c"0fl(litloll, uicgeover itucler 
I10-51i1) conditions the road "'peed. air speed mid c'ir('ttiiil'erelltnil wheel velocity vVOntlcl 
Ixe the same. Fackrell also used suction ahead of the bell to reiiiove the l)cntuclkirv 
layer created along the st at am ary floor of 1lie vVin(l 1liluI el ah ea d of* Ilie rolling road. 
Fackr('l1 ilso noted reductions of lift and (crag witli rotation. whilst reporting slig; litly 
ýlilfereilt CJ) and Cl, ether "tu(li(, s. ýýl>nýýiýüºý a Cl, roductioai aa1'24`% mid 
ýi Cr, rcýclýict ir, ii of 42(%, for oiiv of <"ou[igni at bus. III a flow visualis<It ion 
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stn<lV. shown in 1 i(; m( 2. l H. I he ()f r0, týitiuu vVI ; ipjmlvllt. 
Figure 2.1(1: 11(m ()v(! ;i roi, it iii", (hýti I ; Iwl ý1; 11 iii; irv I riý, lit) 11(v i lio--0.53 x 
lII' (l'au"krell 1973) 
5c1)arýºt iuu frºýuº t In, rº, t ill ing wlºº'e1 º>º (ººrti 1,111.1 her ºtlnt reaºtu. at aIººmt 10'' hehre t he 
t(º1) ()f t h, wlu'el. Iºýýººliººý; too ;º higher wake. lºº t Iºe º ass of aº rotating wheel t lºe higher 
pressure over the top (lote tu the separated wake. re(lin es t In <ººuuºuit of Tilt. 'l'lte hose 
pressure is likely I() Im, Slight Iv Iºigher I Iuºu t Iºaºt oh t 1ººe st at it niaº y vVIn eel ain II Ioerefoi' e 
drag is ýº1Sºº reºIºtº"(, (I. l''aº<"kreli ( 1973) postulates I Iwt separation I'rooni a r( )t at ing wIweI 
aº<ctually takes place fronI the reversed l; ºver º>1' i ºir iºmill º"eº1 Ioy root aºtiuºº. rat 11(1 tIº<ºu 
t lie wheel surface, vitituºliseºl ºliwjr uºººuaºl icaºliv in Figure 2.11. 
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This indicates a point of zero velocity some distance from the cylinder surface, where 
four streamlines come together. Given that turbulent flow is being drawn around the 
top surface of the rotating wheel, the point of separation around the upper circum- 
ference appears to be less sensitive to Reynolds number variations. 
More recently, research on isolated racing wheels was carried out by Mears et al. 
(2002) and described in more detail in the thesis of Mears (2004). Experiments 
were performed using the pressure distribution technique on an isolated racing wheel 
with correct boundary conditions, using a radio telemetry system for transmitting 
pressure data from within the rotating wheel. The wheel originated from a go-cart 
and consisted of an aluminium hub with a pneumatic tyre, representing a 38% scale 
model of a typical full size Formula 1 wheel with an aspect ratio of AR=0.53. The 
experiments were carried out in an `open-jet' test section with jet dimensions of 
0.855m wide by 0.55m high, along with a moving ground plane. All tests were carried 
out at 14.7ms-1 relating to a Reynolds number based on wheel diameter of 2.5x105. 
Along with wheel pressure distributions, direct measurements of drag were also made 
using a load cell fitted on the axle between the support arm and the wheel. The 
results showed good agreement between the direct load cell method and the pres- 
sure distribution method. The results from the pressure distribution method were 
noted to be slightly less than the direct force method which was attributed to the 
small amount of viscous, skin friction forces that are not accounted for in the pres- 
sure distribution method. The drag measurements were also close to those measured 
by Fackrell and other published experimental measurements. However lift measure- 
ments, whilst similar to Fackrell and Stapleford's results for the rotating case, vary 
significantly with a stationary wheel. It is clear that overall lift is susceptible to 
big variations due to factors such as the local characteristics of the contact patch, 
tyre grooves, tyre profile etc. Of note was the relatively high free stream turbulence 
intensity of 5% which could be due, in part to flow unsteadiness caused by the shear 
layers from the `jet'. Most other experimental studies have been carried out in closed 
test section wind tunnels with free stream turbulence intensities of less than 0.2%. 
Difficulties were also undoubtedly present in accurately measuring pressure through 
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tappings in a compliant rubber tyre that deformed at the contact patch. The de- 
flection of the tapping and internal pipework to the transducer would result in the 
transducer recording unsteady pressure pulses as a result of the mechanical behaviour 
of the wheel and tyre. 
A summary of lift and drag results from a selection of previous research studies can 
be seen in table 2.1). 
Reference AR Cd [ _Cl C Re 
Morelli 0.39 0.45 -0.075 1.25x106 
Stapleford 0.5 0.65 (0.75) 0.4 (0.95) 2x106 
Fackrell (B2 wheel) 0.61 0.58 (0.77) 0.44 (0.76) 5.3x105 
Cogotti 0.28 0.58 (0.593) 0.18 (0.272) 1.1x106 
Mears 0.53. 0.56 (0.73) 0.42 (0.6) 5.3x105 
Table 2.1: Summary drag and lift coefficients for rotating wheels found in the 
literature (values in brackets are for stationary wheels) 
2.1.5 Wheel Vortex Models 
Experiments on isolated wheels with the correct boundary conditions have revealed 
a number of vortical structures in the wake. A pair of counter-rotating vortices in 
the lower wake have been identified experimentally in the total pressure studies of 
Fackrell (1973) and Bearman et al. (1988). Based on observations derived from 
vortex theory, Cogotti (1983) suggested these vortices where due to contributions 
from wheel shape, wheel rotation and the effect of the ground, depicted in Figure 
2.12. All of the vortex models described in this section, are based on a viewing angle 
looking upstream from behind the wheel at a plane perpendicular to the free-stream. 
Further work by Mercker & Breuer (1991) on a full scale passenger car mounted 
above a rolling road in the 8m x 6m test section of the DNW wind tunnel in Holland, 
suggested a modified vortex wake pattern as shown in Figure 2.13. Both Cogotti 
and Mercker suggest an upper and lower pair of vortices, along with a pair in the 
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Figure 2.12: Wake structures behind an isolated wheel from theory (left; Iso- 
metric view. Right; upstream view) presented by Cogotti (1983) 
middle either side of the wheel. These were said to be created as a result of the 
effect of wheel rotation and an induced rotation by the action of the upper and lower 
vortex pair. Of note also in Figure 2.13, is the change of sign of rotation in the upper 
shoulder vortex pair for a wheel with sharp edges. Mercker stated that this was a 
result of the separation from either side of the wheel moving forward to the leading 
edge. However it has since been shown that the strong central down-flow behind 
the wheel is influential in ensuring that, for any wheel profile, the upper vortex pair 
rotate as shown in the round edged wheel diagram of Figure 2.13. 
None of these suggested wake vortex schemes for rotating wheels were backed up 
by conclusive results from either experimentation or numerical studies until a much 
more recent experimental study by Saddington et al. (2007). A non-invasive LDA 
technique was used in the wake of an isolated 50% scale Formula 1 wheel mounted in 
an open jet (2.74m x 1.66m) test section. The wheel model was based on a scale replica 
of a typical Formula 1 wheel complete with a standard tread pattern consisting of 
four grooves around the circumference of the tyres and correctly modelled hub cavity 
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Figure 2.13: Wake structures behind an isolated wheel (upstream view) pre- 
sented by Mercker & Breuer (1991) 
and brake disc assembly. The tyre was constructed of rigid carbon fibre, therefore 
the correct contact patch size and subsequent lower tyre wall deformation were not 
properly modelled. 
This study concluded that the middle pair of vortices was suppressed by the wheel 
hub and the wheel support arm or if they were present, quickly swept into the stronger 
upper or lower vortices. The upper vortices were observed to be smaller and convected 
downward by the strong central downwash completely merging with the larger lower 
vortex pair by X/D =1 downstream. A revised model was presented of the trailing 
vortex system based on a region X/D <1 and another for X/D >1 as shown in 
Figure 2.14. 
Waschle (2007) described a three dimensional model of the wake based on work 
carried out on a 33% isolated Formula 1 wheel (Waschle & Cyr 2004) comparing 
experimental results from LDA measurements and computational predictions and 
shown in Figure 2.15. Reference is made to the lower vortex pair as the `horseshoe 
wake vortex' (labeled `1') describing it as the most influential feature of the wake. 
The vortices labeled `2' in the stationary wheel diagram, are stated to be due to the 
flow separating from the sides of the tyre in the rearward adverse pressure gradient 
of the wheel whilst in the case of the rotating wheel, also labeled `2', a ring vortex 
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Figure 2.14: Proposed revised wake structures (upstream view) as a result of 
experimentation behind an isolated Formula 1 wheel presented by Saddington et al. 
(2007) 
is apparent in the upper wake, raising pressure at the top and behind the wheel 
which in turn reduces lift and drag. However no clear evidence of this ring vortex 
has been demonstrated either experimentally or computationally and it has not been 
noted by other research studies. A vortex pair referred to as the wheel squash vortex 
(labeled `3' in both stationary and rotating cases) is shown and is thought to be a 
result of the jetting flow at the front of the contact patch. Again, no clear, coherent 
jetting vortical structures have been identified from experimental or computational 
data originating from the jetting flow. In the stationary case, the expected horseshoe 
vortex at the ground ahead of the wheel is shown (labeled `4') and described as being 
a weak feature. 
2.1.6 Contact Patch Flow and `Jetting' 
With regard to the flow approaching the contact patch, Fackrell suggested that for a 
2-D wheel, air drawn into the gap between the rotating wheel and road is eventually 
forced back upstream, leading to measured pressures higher than stagnation pressure 
(Cp > 1), due to the large forces exerted by the highly viscous action of the moving 
boundaries of wheel rotation and moving ground coming together at the contact 
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Figure 2.17: Centreline pressure coefficient distribution around stationary wheels 
with AR=0.5 (dashed line) and AR=0.46 (solid line). Peak marked as `A' is due 
to the `jetting' flow just ahead of the contact patch (Fackrell 1973) 
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Figure 2.18: Centerline pressure coefficient distribution around wheels with 
AR=0.46 (dashed line = Stationary, solid line = Rotating. Peak marked as `A' is 
due to the `jetting' flow just ahead of the contact patch (Fackrell 1973) 
2.19) just after the rear line of contact patch. In Fackrell's 2-D theoretical prediction 
of the jetting flow at the front of the contact patch he argues that the motion is 
reversible because the governing equations are linear and homogeneous. The net flow 
at the centre-rear of the contact patch would be inward between the rotating wheel 
and moving ground as shown in Figure 2.16. 
The features giving rise to a negative spike at the rear of the contact patch, were not 
observed experimentally by Fackrell but, whilst the tapping/transducer system was 
considered to be capable of picking up this feature, he suggested that the experimental 
results may be in error due to the possibility of belt lift due to the high negative 
pressure and in the real case of a pneumatic tyre on a road surface, the tyre deforming 
toward the floor. Mears research was the first to observe and discuss this negative 
jetting phenomenon and he carried out a further PIV study of the local flow field 
in the stream-wise plane (referred to by the author as the `Y-Z plane') to see if this 
effect could be visualised. 
Mears observations from results shown in Figure 2.20, were that the negative jetting 
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Figure 2.19: Centerline pressure coefficient distribution around a rotating wheel 
with AR=0.53 (Peak marked as 'A' is due to the `jetting' flow just ahead of the 
contact patch, negative peak `B' suction peak just behind the contact patch (Mears 
et al. 2004) 
was clearly visible. However the vector plots are not locally well resolved and the 
higher velocity vectors close to the surface of the wheel and ground may be subject to 
errors due to light sheet reflections or correlation dropout at the wheel/fluid boundary. 
The anticlockwise rotation of the wheel would also give rise to a boundary layer 
induced flow around the surface due to the no slip condition which could account 
for the higher velocity vectors close to the wheel surface, rather than jetting related 
flow. Additionally, the problems discussed earlier associated with erroneous pressure 
pulses as a result of the mechanical deformation of the tapping and tubing may be 
significant in relation to the measurement of both positive and negative spikes either 
side of the contact patch. 
Further investigation into the contact patch region by Mears & Dominy (2004) com- 
pared experimental results with CFD predictions. The CFD vector plots also show 
evidence of negative jetting (Figure 2.21) although not extending into the wake as 
far as the data obtained by Mears from experiments. Whilst Mears obtained PIV 
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Figure 2.20: Time averaged PIV velocity vectors at the centre rear of the contact 
patch of a rotating wheel in the stream-wise plane (Mears et al. 2004) 
data for planes in what was termed the X-Z axis, i. e; observations of the flow field 
from above, looking down, limitations in his experimental setup prevented planes of 
data being obtained any lower than 65mm above the ground where no jetting flow 
was observed. Above this plane free stream flow was observed to be turning around 
the side wall of the wheel. This behaviour was not noted in the rotating case and 
no explanation was offered, although as the light sheet was positioned at a height of 
65mm and the camera viewing from above, the wheel's shadow at a plane bisecting 
the horizontal centre-line would mask data from the flow field lower than this line 
from being observed in the region between the very front and rear of the wheel. 
Variation of aspect ratio did not significantly alter the pressure distribution (Figure 
2.17), but the distribution around a stationary wheel was characterised by an absence 
of a sharp peak or the jetting flow ahead of the contact patch when compared with 
the rotating case. 
Tyre grooves where shown by Fackrell to reduce lift by 12% but not significantly 
alter drag stated to be due to the suction force (acting only in the negative vertical 
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Figure 2.21: CFD prediction of velocity vectors at the center rear of the contact 
patch in the stream-wise plane (Mears & Dominy 2004) 
direction) of air passing through the gaps produced between the wheel and the road. 
Cogotti (1983) also noted the sensitivity of lift to the quality of the seal between the 
floor and the wheel and air leakage due to grooves in the tyre tread showed a smaller, 
but noticeable drop in drag due in part, to air passing through the grooves raising 
the base pressure slightly. 
2.1.7 The Wheel Wake and Associated Flow Structures 
The perimeter of the wake defining the outer bounds of the flow disturbance generated 
by the wheel was measured by Fackrell (1973). These total pressure measurements 
were taken using a single hole Kiel tube at four planes behind the wheel centre-line; 
X/D = 0.1, X/D = 0.35, X/D = 0.52 and X/D = 0.87 with the contour line defined 
as the position where free stream total pressure dropped to 90%, shown in Figure 
2.22. 
At all four planes the solid contour line for the rotating case extends above the wheel 
profile indicating that separation has taken place before the centre-line. In the lower 
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As part of the pressure distribution experimentation by Mears et al. (2002), a total 
pressure wake survey was also conducted using a five hole probe, at a plane X/D = 2.5 
downstream, the same as that of Bearman et al. (1988). Some asymmetry was 
apparent and it was suggested that this was due to the influence of the wheel support 
mechanism on the right hand side of the images, shown in Figure 2.24, but essentially 
the characteristics are very similar to those reported by Bearman, with the wake being 




Figure 2.23: Non-dimensional Vorticity contours behind an isolated wheel at a 
plane perpendicular to the flow 2.5 diameters downstream of the wheel centre-line 
(viewing upstream), (a) rotating, (b) stationary (Bearman et al. 1988) 
Experiments on a cambered and non-cambered isolated `Champ-car' wheel at 40% 
scale were carried out by Knowles et al. (2002). The two non-deformable models 
differed only in the shape of the carbon fibre tyre, as one was designed to run with 
a camber of 4°. Separate experiments were carried out on each model and were 
mounted so that the wheel rotated in contact with a rolling road in a closed-return, 
open-jet wind tunnel with jet dimensions of 1.52m x 1.14m based at Shrivenham, 
UK. Direct measurements of drag were obtained using axle based load cells and a 
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Figure 2.24: Total pressure and volticity contours at a plaice perpeudic"iilar to 
the flow behind a 40`% isolated wheel at 2.5 diaiiieter, downstream of the wheel 
centre-lice (viewing upstream) (Mears it al. 2(11)2) 
Uauit('c LDA system IlSed to tike : 3-diuieiisionºal velocity iueasiuvii1('utS ill Ili(, wheel 
wake. The t iuºiiel and rolling road were run at a speed of 20iiis ' giving it Reynolds 
nitiºiher based on (liallieter of 3.69x 1O''. A velocity deficit of V4 was measured 5-7nini 
al)ove Ilie hell iii tiie c'111plV tnºiuel with a dual suction plate boundary layer removal 
system in operation. 
Fontr j)1a11es of tiiiw-average(! LI)A velocity data wei e obtaiüied at M. 25.50 and 
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Figure 2.25: LDA data at planes perpendicular to the flow in the wake of a 40% 
scale, isolated wheel model, viewing upstream, dashed contours negative vorticity, 
solid contours positive vorticity (Knowles et al. 2002) 
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Figure 2.26: More recent LDA Data of planes perpendicular to the flow, viewing 
upstream in the wake of a 50% scale, isolated wheel model, at planes; 60% (X/D = 
0.6), 75% (X/D = 0.75) and 100% (X/D = 1) (Saddington et at. 2007) 
The results, some of which are shown in Figure 2.25, demonstrate further the absence 
of a pair of vortices at the axle position mid way up the wheel as predicted by 
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Cogotti (1983) and Mercker & Breuer (1991) but the author suggests that because 
the arguments used to predict the presence of mid height axle vortices were based on 
low aspect ratio circular cylinder flows, it is possible the effects of hub flow and the 
disturbance from the wheel support may be suppressing or masking these vortices. 
The rather low spatial resolution between data points makes it difficult to infer too 
much about the flow field represented by the vector plots (see Figure 2.25(a)). The 
LDA technique, as with all time-averaged point measurement techniques, is a trade 
off between the time it takes to obtain data for a complete grid plane and obtaining 
sufficient spatial resolution to resolve flow features. More useful information can be 
gained from the vorticity contour plots of figures 2.25(b) and 2.25(c). 
The shoulder vortices are visible in Figure 2.25(b). This plane is situated 10mm 
behind the trailing wheel edge (X/D = 0.54) and the sense of rotation; positive 
(anticlockwise) on the right and negative (clockwise) on the left are consistent with 
vortices associated with a lifting body. The lower vortex pair, termed the `jetting 
vortex' by Mercker & Berneburg (1992) from the supposition that these were formed 
as a result of the strong jetting flow at the front of the contact patch, are noted to 
be present but with greater positive vorticity (on the right side) possibly associated 
with the model support system. The overall strength of the lower vortex pair was 
stated to be less than half the peak vorticity, presumably referring to peak vorticity 
in the core of the shoulder vortex. This was in line with the theoretical prediction of 
Cogotti, but not of Mercker. No mention was made of unsteadiness of the flow and 
the effect of smearing of the vortices due to the time-averaged nature of the LDA 
technique. This would undoubtedly weaken peak vorticity in unsteady regions of the 
wake and the weak area of negative vorticity (on the lower left of the wheel) with a 
large core radius, may be the result of smearing. The cambered wheel wake, shown 
on the right of Figure 2.25, differs slightly from the in-line case and are discussed 
in the next section. A clearer picture of the upper and lower vortices and their 
progression downstream, was presented in the recent LDA follow-on study by the 
same research group, Saddington et al. (2007) from which the re-defined model of 
the vortex behaviour was presented and is shown in Figure 2.14. No mid height axle 
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vorticity was found. 
In the study by Mears et äl. (2004), time-averaged stream-wise and span-wise flow 
field velocity data was obtained using Ply in the wake of an isolated 40% Formula 
1 wheel along the centre-line. Four stream-wise zones (A, B, C and D) and two span- 
wise zones (A and B) were interrogated as shown in Figure 2.27. In the stream-wise 
stationary case, strong downwash was apparent behind the wheel with evidence of 
reversed flow into the base region. The maximum vertical downward velocity of 
the flow (non-dimensionalised with the free stream) was noted to be U/UU = 1.26 
whereas in the rotating case downwash was weaker but the wake covered a wider area 
partly as a result of the forward movement of the separation point at the top of the 
wheel. 
In the span-wise instantaneous velocity plots (figures 2.28(c) and 2.28(d)), flow down 
the side of the rotating wheel (at 65mm above the road) does not show any interaction 
with the wake. However there is interaction in the stationary case with evidence of 
unsteadiness at the rear of the wheel. Time averaged data were not presented, but 
might have been useful in determining if this unsteadiness was part of the separated 
shear layer at the side of the wheel. 
Finally, Waschle & Cyr (2004) carried out total pressure measurements using an 8 
hole rake and LDA measurements in the wake of an isolated 33% Formula 1 wheel 
comparing the results to those obtained from two CFD codes. An open-jet tunnel 
was used with jet dimensions of 1.65m x 1.65m and the experiments were carried 
out at 45ms-1 corresponding to a Reynolds number based on diameter of 5.37x105. 
The tyre was non-deformable and of glass fibre construction so the contact patch 
and associated tyre wall bulge were not modelled correctly when compared with a 
pneumatic tyre in real conditions. Cross-flow planes in the wheel wake at X/D = 0.7 
and X/D = 1.9 were measured using an LDA technique. 
At a plane of X/D = 0.7, the upper vortex pair was not identifiable in either the 
stationary or rotating case and it was suggested that it had moved down in the 
distance between the wheel and this plane, merging with the lower vortex pair which 
was visible but poorly resolved due to a low spatial resolution of 30mm between 
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(b) Span-wise zones A and B 
Figure 2.27: PIV interrogation zones in the stream-wise plane (defined here by 
the Y-Z axis) and the span-wise plane (defined here as the X-Z axis) (Mears et al. 
2004) 
measurement points. The stationary wheel's lower vortices are separated further 
laterally, as reported by other researchers. Again the overall wake is wider and 
flatter in the stationary case. 
2.1.8 Camber and Yaw 
Camber and yaw are intrinsic features of a racing wheel in real conditions. It is 
therefore important to consider how these factors modify the flow field of the wheel. 
Camber 
Formula 1 wheels are negatively cambered (top inward toward the car) to achieve 
the maximum contact patch size under a range of racing conditions such as during 
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such as drag. This was in contrast to the cambered drag experiments of Knowles 
whose wheel model was rigid but with camber profiled to maintain full-width tread 
contact with the ground. These discrepancies in model configuration and drag data 
serve to highlight the significance of the flow around the lower part of the wheel and 
therefore the importance of correctly modelling the contact patch to ground boundary 
with a deformable tyre. 
LDA measurements of stream-wise velocity in the wheel wake were carried out by 
Knowles et al. (2002) and an area of reversed flow located centrally in the lower region 
of the wake was apparent in both the in-line and cambered cases for planes up to 
X/D = 0.88. Although similar in magnitude, the reversed flow was larger, extending 
the width of the wheel in the cambered case. The bulk of the region was skewed to the 
left in both configurations (the wheel is cambered top to the left). By X/D = 0.88, 
no reversed flow was seen for the non-cambered case but was still apparent in a small 
area close to the ground with the cambered wheel. From the data set obtained, it was 
not possible for the author to offer an explanation for this feature and the differences 
of the reversed flow area observed between the two configurations. It was suggested 
that it could be a time-averaged representation of a highly unsteady mechanism, such 
as turbulent vortex shedding and that further instantaneous diagnostic techniques, 
such as PIV may lead to greater understanding. Whilst these results give some 
insight into the behaviour of the wake due to a cambered wheel, a substantial amount 
of asymmetry was noted for both configurations. This could be due to a number of 
complicating factors, such as the presence of the wheels support and the flow through 
and around the hub cavity and brake disc. Other researchers have noted greater wake 
symmetry such as Mears et al. (2004) and Waschle (2007). A more significant factor 
might relate to the incorrect modelling of the contact patch region in this study. The 
cambered wheel was solid and shaped to make contact with the moving ground, flat 
across the width of the tread resulting in a small, even width contact patch. A more 
realistic representation of the lower wheel region would be to use a symmetric wheel 
and pneumatic tyre, mounted at the required camber angle and with suitable contact 
patch deflection through pre-load. This would generate an asymmetric contact patch 
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and lower local tyre profile which may have a significant bearing on the flow features 
with the wheel in camber. 
(a) X/D = 0.54 
(b) X/D = 0.88 
Figure 2.30: Velocity contours in the stream-wise direction at planes perpendic- 
ular to the flow downstream, for in-line and cambered 40% isolated wheels. From 
Knowles et al. (2002) 
Yaw 
A racing wheel is susceptible to yawed airflow from either cross winds or more com- 
monly, from the slip angle (yaw angle) of the tyre with the road as the car passes 
around corners. The term `slip' does not mean that the wheel has lost grip and is 
skidding at an angle to the wind (although the aerodynamic study of this type of 
condition might be informative) but relates to the elastic deformation of the tyre 
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rubber as the wheel is turned into the corner due to the lateral force acting to reduce 
the angle to zero. A skid will occur when the lateral force becomes too great for the 
friction causing the deformation at the contact patch. 
A considerable number of investigations have been carried out into the effects of a 
yawed flow on circular cylinders. Bursnall & Loftin (1951) carried out experiments 
on large aspect ratio cylinders from sub to post critical Reynolds number ranges at a 
number of yaw angles up to 60°. Of note was a drop in the critical Reynolds number as 
the yaw angle increased. However studies by Zdravkovich et al. (1989) and Gerrard 
(1966) have shown how 3-dimensional effects complicate the basic understanding. 
With respect to an isolated racing wheel with the correct boundary conditions, at 
typical yaw angles of up to five or six degrees, very little experimentation and research 
has been published. 
Morelli (1969) measured lift coefficients at angles up to 200 but it would not be wise 
to make inferences from these data due to the errors resulting from the non-realistic 
gap between the wheels and road. Cogotti (1983) carried out some experiments with 
an isolated stationary wheel in contact with the road and noted a gradual rise in lift 
and drag coefficient at yaw angles from f3 = 0° up to ß= 15° where they peaked. 
Further increases in angle resulted in a drop of lift and drag coefficient, as shown in 
Figure 2.31. No explanation was offered by Cogotti for the decrease after fl = 15°. 
Experimentation on isolated 40% pneumatic racing wheels at 5° of yaw was carried 
out by Mears (2004) some years later. A pressure distribution method (described in 
section 2.1.4) was used to calculate lift and drag coefficients for the yawed case and 
he compared the results to the in-line condition (table 2.2). Whilst drag increases by 
5% when yawed at 5° lift dropped 17%. This was in contrast to the stationary wheel 
lift results of Cogotti where a rise was noted for yaw angles up to 15°. 
The comparative pressure distributions are shown in Figure 2.32. At the front of the 
wheel, the stagnation pressure for the yawed case fell short of CC = 1. This would 
be expected, because the stagnation streamline is shifted toward the windward edge 
of the wheel. The jetting in front and behind the contact patch is apparent in 
both cases. However a higher negative jetting pressure coefficient; CC = -2.6 is 
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Figure 2.31: Drag (left graph) and lift(right graph) coefficients for an isolated 
stationary wheel at different yaw angles (Cogotti 1983) 
0=0° Q=5° 
Drag coefficient 0.56 0.59 
Lift coefficient 0.42 0.35 
Table 2.2: Drag and lift coefficients for in-line and ß= 5° yaw for an isolated, 
rotating 40% racing wheel (Mears 2004) 
observed along with subsequent oscillations, followed by CC <0 in the base region. 
These results would help to explain the higher drag obtained when the wheel is 
yawed, but no further details were provided relating to the detailed shape of the 
wake in a yawed configuration. The validity of the positive and negative pulses said 
to be related to jetting must again be treated with caution, due to the previously 
discussed problem of sudden pressure tapping compression at the contact patch. In 
fact the subsequent oscillations following the negative pulse in the yawed case, are 
characteristic of `ringing' by the transducer as a result of the impulse. Of relevance 
was that it was necessary to yaw the rolling road to match the wheel yaw. In real 
conditions, due to the yaw angle being directly related to the slip angle, the rolling 
road should approach the wheel in line with the stream-wise air flow (except for 
crosswind induced yaw) which was not possible because the off-angle friction between 
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Figure 2.32: Pressure distribution around an isolated rotating wheel at yaw 
angles of ß= 0° and 13 = 5° (Mears 2004) 
the rubber tyre and the rolling road caused the belt tracking system to fail. With 
a contact patch and local lower tyre profile distorted by the action of slip, a more 
representative experimental condition would have existed, but these conditions are 
very hard to reproduce in a wind tunnel in practice. 
2.2 Computational Methods Applied to Wheel Flow 
Wheel flow is a challenging problem for current CFD software. The presence of 
complicated boundary conditions often means that compromises have to be made 
such that the validity of the solution is brought into question. Just as experimentalists 
have faced problems reproducing the correct contact patch conditions and obtaining 
measurements, CFD codes have been challenged in similar areas. The early separation 
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of flow from a rotating wheel is an example of where CFD, in general, had not been 
successful at correctly predicting the physics. One problem is related to the creation 
of meshes that are significantly representative of the true shape, for example meshes 
generated into the diminishing contact patch gap are often curtailed by sealing the 
gap with a simple mesh block. 
2.2.1 CFD Based on the Fackrell Wheel 
One of the first significant CFD studies based on a steady Reynolds-averaged Navier 
Stokes method (RANS) was carried out by Axon & Garry (1998) using a mesh applied 
to Fackrell's B2 (AR=0.6) wheel, albeit with a slightly more rounded tyre edge profile. 
A purely hexahedral mesh was used and the contact patch was modelled by raising 
the wheel slightly from the ground and using a pair of vertical support faces to block 
the flow. This was a relatively simple treatment of the contact patch region and 
whilst it was not a true representation of the boundary conditions, it did mean that 
problems associated with highly skewed cells close to the ground-tyre boundary were 
considerably reduced. The computation was run based on a Reynolds number of 
5.3x105, the same as that used by Fackrell during his experiments. It was assumed 
that the flow was symmetric about the centre-line of the wheel. FLUENT/UNS code 
was used along with the RNG k-e turbulence model which was considered to provide 
better results over the standard k-e model for flows with a high degree of curvature 
and separation. 
Pressure distribution data from the CFD calculation were compared with Fackrell's 
results and are plotted in Figure 2.34. Note that the data are presented with an an- 
ticlockwise angle increment starting from the contact patch, making it more difficult 
to observe the spike as a result of the jetting flow. Nevertheless, a peak of C, = 1.9 
was apparent just ahead of the contact patch, labeled `A'. This was well above stag- 
nation pressure, but not quite as high as Fackrell's data with Cp = 2. There was no 
evidence of a negative jetting peak behind the contact patch, in agreement with the 
experimental results of Fackrell, but in disagreement with Fackrell's theoretical pos- 
tulations and other experimental findings such as Mears et al. (2004). The numerical 
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perimental studies, and it takes place in an adverse pressure gradient. Comparisons of 
the wake outline representing 90% of the total head pressure were carried out between 
CFD and Fackrell's results and these were generally in good agreement, which was 
encouraging given the separation point disagreement, different tyre geometries and 
non-similar boundary conditions at the contact patch. Results from another RANS 
CFD study by Skea et al. (2000) on what was essentially a very similar model, but 
using the STAR-CD CFD package predicted correctly some of the main wheel flow 
characteristics with some notable exceptions such as very little increase in stagnation 
pressure at the front of the wheel. 
Research by Basara et al. (2000) on the flow around a meshed representation of a 
Fackrell wheel from experimental research by Harvey & Fackrell (1974) and based 
on the work of Fackrell (1973), made use of AVL SWIFT CFD code comparing 
different turbulence models; k-c, RNG k-e and the Reynolds stress transport 
model (SSG), in an attempt to establish which was better at predicting the flow. 
The study considered effects of the turbulent flow field using an unsteady Reynolds 
averaged Navier-Stokes method (URANS). The unsteady nature of the flow around 
the wheel is an important feature and one which was not considered by Axon and 
Skea. 385,000 cells were used and the wheel-floor boundary modelled by a horizontal 
contact surface similar to a typical contact patch, but not similar to the smaller 
contact patch created by Fackrell's solid wheel resting on the rolling road. 
With regard to unsteady predictions, the k-e turbulence model converged quickly 
to steady state whilst the RNG k-e model generated significant unsteady wake 
motion and the SSG model hinted at unsteady motion. Basara suggested this un- 
steady motion could be vortex shedding as shown in the data from the latter two 
models. The differences in the unsteady fluctuations between the results of the three 
turbulence models highlight some of the problems CFD predictions face, the author 
citing discretisation and modelling errors as significant factors. Interestingly the SSG 
model successfully predicted the forward separation of flow from the top of the ro- 
tating wheel (Figure 2.35), but was less successful than the other two at predicting 
drag and lift coefficients. Also of particular note was that all models predicted the 
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Figure 2.35: Flow over the top of a rotating wheel from CFD predictions (Basara 
et al. 2000) 
front and rear jetting with the SSG model giving the highest positive and negative 
jetting peaks. Basara makes no comment about this feature of the pressure distribu- 
tion around the wheel, but it is interesting that negative jetting was again noted in 
more recent CFD research by McManus & Zhang (2006) using a URANS CFD code. 
They attempted to mesh more accurately the Fackrell wheel and apply more realistic 
boundary conditions. A positive pressure peak of Cp = 3.24 and negative peak of 
Cp = -1.69 were recorded using a version of the k-E turbulence model. These values 
are significantly higher than other CFD studies and indeed any experimental data. 
However it was argued that the differences were due to shortcomings in the exper- 
imental pressure measurement technique and not the CFD computations. The rest 
of the pressure distribution graph was of a similar order to other CFD studies and 
experimental data. The results for streamlines around a rotating wheel are shown in 
Figure 2.37. 
2.2.2 Other Isolated Wheel CFD Studies 
Studies at about the same time by Waschle & Cyr (2004) and Mears & Dominy 
(2004) compared results from CFD codes against their own experimental data using 
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Figure 2.36: Pressure distribution around a rotating wheel from CFD predictions 




(a) Top of wheel. ('H'=arch shaped vortex) (b) Lower part of wheel. ('N'=counter- 
rotating vortex pair, 'O'=rotation induced 
central vortex, `P'=flow entrainment at 
sides) 
Figure 2.37: Streamlines around an isolated rotating wheel, from McManus & 
Zhang (2006) 
scale models of typical Formula 1 wheels; 33% and 40% in the case of Waschle's 
and Mears' experiments, respectively. As well as collecting experimental LDA data, 
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Waschle ran STAR-CD and PowerFLOW CFD codes and compared the results of all 
three methods. Mears and Dominy made use of Fluent 6.0. 
Both researchers reported generally good agreement between CFD and experimental 
data with regard to the overall shape of the wake and the main vortex structures as- 
sociated with a rotating wheel (a comparison of Waschle's results are shown in Figure 
2.38). Once again, CFD based drag measurements were close to those obtained in 
their own wind tunnel experiments and those of other experimental studies. However 
lift results were not representative of experimental data but the two CFD studies 
gave similar results. 
Mears reported both front and rear contact patch jetting from CFD surface pressure 
data although with lower peak values than those measured experimentally. This 
was in contrast to McManus & Zhang (2006) who noted peak jetting values greater 
than those from experimentation. The CFD derived vector plot of the rear jetting 
phenomenon claimed by Mears, is shown in Figure 2.21. 
Research carried out by Wray (2003) on the effects of yaw angle using a typical 
Formula 1 wheel used Fluent 6.0 and Gambit 2.0 CFD RANS codes. The contact 
patch was modelled using a non-deformable wheel, but bisected by the ground plane 
extending 10° at the bottom of the wheel circumference. Again erroneous lift coef- 
ficients were recorded. However Wray's calculated drag coefficient, CD = 0.473, was 
close to that of CD = 0.48, found experimentally by Fackrell even though the wheel 
differed geometrically in terms of tyre edge profile. 
Much of the data was presented in terms of path-lines as shown in Figure 2.39, and 
whilst some near field wake structures are present, the wake features are not anywhere 
similar to experimental data in this form of path-line presentation. However Wray 
comments on the large impact of yaw on the wake structures, with separated flow 
from the leeward wheel face widening the wake. Delayed separation was also noted 
on top of the wheel leading to increased lift as a result of lower static pressure over 
the upper wheel surface. Whilst a pair of counter-rotating vortices is noted in the 
lower wake region, Wray describes a single central upper vortex for the non-yawed 
case, getting stronger with yaw angle. This finding is at odds with other CFD and 
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(a) In-line 
(b) 5° yaw 
Figure 2.39: Path-lines around an isolated rotating wheel, from Wray (2003) 
addition of a front wing and endplate system said to be due, in part to `straightening' 
of the wheel wake as a result of the strong wing vorticity. 
Whilst CFD techniques are clearly improving, the results of studies on isolated wheels 
described above indicate that although the overall flow trends follow the experimental 
findings, fine detail of the actual flow field and the unsteady properties of the wake 
are more difficult to reproduce. There is considerable variation still apparent between 
CFD codes, turbulence models and methods used to carry out satisfactory meshing. 
CFD studies of wheel flow are therefore useful in the same way as all other racing 
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car CFD investigations; as a complement to experimental data and as a pointer for 
areas that need further investigation. A summary of drag and lift coefficients from 
CFD bases studies is shown in table 2.3. 
Reference CD CL 
Fackrell (by experiment) 0.58 (0.77) 0.44 (0.76) 
Axon 0.602 (0.71) 0.48 (0.63) 
Basara RNG (k - e) 0.683 0.403 
Basara SSG 0.765 0.274 
McManus 0.437 0.160 
Waschle 0.53 0.32 
Mears 0.61 0.29 
Table 2.3: Summary CFD based drag and lift coefficients for rotating wheels 
found in the literature (values in brackets are for stationary wheels) 
2.3 Front Wing Flow 
The aim of this section is to highlight briefly some of the main characteristics of the 
front wing flow field and the interaction with the front wheels and to describe relevant 
research in this area. 
The most significant modifying factor to the flow field around a Formula 1 racing 
wheel is derived from the front wing due to its location just ahead of the front 
wheels. The front wing is one of the most important aerodynamic devices on the car 
producing about 25 to 30% of the total downforce (Zhang et al. 2006). In addition, 
the wing has an associated complex wake structure consisting of a trailing vortex 
system with co-rotating vortices originating mainly from the sophisticated end-plate 
geometry. Wing geometries have evolved from a straight, single element aerofoil 
with flat endplates, to curved multi-element aerofoils and endplates as a result of a 
requirement to maintain the energetic flow under the centre of the car in order to 
enhance the downforce generating performance of the underbody diffuser. As a result 
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of this, the wing is designed to direct air flow under the car in the central region, but 
extraction of energy from the flow in terms of generating downforce is focused further 
outboard, near the endplate system. Thus the wing can still produce large amounts 
of downforce without upsetting the performance of the diffuser. 
(a) Simple front wing endplates on a Ferrari (b) Complex front wing endplate system on a 
in 1976 modern Ferrari 
Figure 2.40: Developments in front wing and endplate systems 
The trend to move outboard the downforce generating section of the wing in recent 
years, has meant that the wheel and wing wake interactions are increasingly significant 
with strong multiple trailing vortices from the endplate system essentially passing 
around the inboard side of the wheel. This flow system interacts with brake cooling 
ducts, suspension systems and the wheel wake and can have a significant positive or 
negative effect on parts of the car further downstream, such as the side-pod region 
and air intakes. The rear wheels are much less affected by the direct influence of 
the front wing, but are affected by the combined wake of the upstream front wheels 
and wing. In the 2009 season, wings were widened and the endplate configuration 
consequently changed. 
2.3.1 The Characteristics of Formula 1 Front Wing Flows 
By inverting a wing it is possible to create `negative lift' which is commonly referred 
to as `downforce' after early wind tunnel experimentation at Imperial College by 
Peter Wright working for Lotus in the early 70s. Combining an inverted wing with 
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close proximity to the ground at a vertical clearance distance of less than one chord 
length (Katz 1995) results in an enhancement to the downforce termed `Ground 
Effect' and is a result of the venturi effect as the air is accelerated through the gap 
leading to enhanced low pressure between the curved lower surface of the wing and 
the ground. The effect was demonstrated by Zhang & Zerihan (2001) and the results 
of the increase in lift coefficient are shown in Figure 2.41, where h is the distance from 
the lowest point on the wing to the moving ground which is non-dimensionalised by 
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Figure 2.41: Front wing lift and drag coefficient increases due to ground effect 
(Zhang & Zerihan 2001) 
The graph shows a sharp increase in lift coefficient as the gap between wing and 
floor was reduced leading to a peak after which there was a reduction of lift due 
to the onset of separation under the wing. The inverted wing model used in these 
experiments included flat vertical endplates at the wing tips which enhance further 
the blocking or sealing (Agathangelou & Gascoyne 1998) of flow between the lower 
suction side of the wing and the upper side as the ground clearance is reduced. The 
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results can be thought of as those for a 2-D wing. 
Part of the success in identifying and measuring lift due to ground effect came about 
from experimentation using wind tunnels with rolling roads to create the correct 
boundary conditions (Bergin et al. (1986) and Bearman et al. (1988)). Experi- 
ments carried out by Garrood (2004) demonstrated, using smoke flow visualisation 
techniques, that distinct differences were apparent in the vortex structures from the 
lower endplate (Figure 2.42) if the road houndarY condition is varied. 
Figure 2.42: Front wing endplate vortex; Stationary and moving ground planes 
as viewed in a plane perpendicular to the free-stream, looking upstream (Garrood 
2004) 
A clear vortex core was visible in the stationary case where the strong coherent core 
was devoid of smoke due to centrifugal effects. This was not evident with the moving 
ground indicating less coherence and the possibility of vortex breakdown (vortex 
burst). This is a phenomenon which can occur due to the high levels of downforce 
created by the wing, which induces strong vortices that will have a high degree of 
swirl. If this condition exists vortex burst is possible (Hall 1972). In an unfavorable 
pressure gradient vortex burst may occur at slightly lower levels of swirl. 
Another experimental method of simulating the correct wing boundary conditions is 
by carrying out experiments in a water towing tank. The water remains stationary 
and the wing model is moved through the water at the appropriate height above the 
wall or floor of the tunnel and at a constant velocity. A carriage system mounted 
to rails on top of the water tunnel is usually employed. A water channel with this 
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configuration with dimensions 0.71m wide by 0.59m deep and llm long in terms of 
usable working section was used by Shah (2005). A relatively simple, straight single 
element wing and flat endplate were used in this study and the trailing vortex system 
identified from cross-flow planes of PIV data (shown in Figure 2.43(b)). Experiments 
were carried out using an isolated wing and also a wing combined with a curved plate 
mounted in the near wake to generate a pressure gradient similar to that created by 
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(a) Front wing endplates model (b) Viewing upstream, plane perpendicu- 
lar to the free-stream showing the vortex 
system 
Figure 2.43: Major vortical structures in the wake of a simplified wing and 
endplate in ground effect (Shah 2005) 
Results showed that the main vortical structures in the wake of the wing were dom- 
inated by two main factors; interactions with the ground plane and the favorable to 
unfavorable pressure gradient of the wheel representation. The secondary separation 
from the induced ground boundary layer interacted with the main vortex adding a 
vertical component to its trajectory as it passed downstream. The unfavorable wheel 
pressure gradient typically caused the vortex to burst which would be detrimental to 
the flow under the side-pod and diffuser of a racing car as coherent vortex structures 
directed to these regions are known to enhance performance. 
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Experiments were carried out by Zhang & Zerihan (2003) using non-invasive LDA 
and PIV techniques on a single, straight element isolated wing with flat endplates. 
Due to the pressure difference across the endplate, the flow separates from the lower 
edge forming a shear layer which rolls up into a vortex beside the inside face of the 
endplate at the stream-wise position of maximum suction. Its strength is enhanced 
further rearward and at the back of the plate the vortex trails downstream (Figure 
2.44). The up-wash from this vortex under the endplate helps to delay separation 
on the lower suction surface of the wing allowing higher angles of wing incidence 
and hence downforce. Also noted was the unsteady shedding of vortices along the 
span which contributed to a widening of the wing wake as the ground clearance was 
reduced. At very low ground clearances, separation took place on the lower suction 
surface and span-wise vortex shedding coupled with a flapping motion of the wake 
in the transverse direction. These effects are indicators of the approaching maxi- 
mum ground effect induced downforce and have been somewhat mitigated through 
additional Formula 1 wing developments such as double element, Gurney flaps and 
endplate design. The complex 3-D features on a current Formula 1 wing over the 
basic wing/endplate configuration are designed to fully exploit ground effect whilst 
controlling the resulting wake. 
More recently, an experimental wind tunnel study of a typical McLaren front wing and 
wheel was carried out by Pegrum (2006) using flow visualisation and PIV techniques. 
The endplate system was typical of Formula 1 racing cars up to the end of the 2008 
season, with a curved endplate, canard and footplate. Smoke visualisation in the 
wake revealed clear evidence of a strong multiple vortex system, as shown in Figure 
2.45. With the rotating wheel placed in the correct geometric position behind the 
wing Pegrum plotted the evolution of the wing vortex system as it passed the wheel 
and the resulting interaction of wing and wheels flows (as shown in Figure 2.46). 
Pegrum found that it was difficult to establish clearly identifiable coherent, near wake 
structures that could be attributed to the wheel due to laser light reflections in the 
tyre grooves and the relative weakness of the time-averaged structures in comparison 
with those from the front wing. It was still possible to show how the strongest 
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Figure 2.46: Non-dimensional time-averaged vorticity of the main vortex from a 
front wing as it passes beside a rotating wheel where h is the height of the wing 
and Crnp is the chord. The front wing is mounted just ahead of the wheel (not 
shown) (Pegrum 2006) 
of coherent structures downstream of the wheel was much less likely if the endplate 
system was moved further outboard, such that the wing vortices were approaching the 
wheel in the middle of the tyre track. Pegrum also suggested that the wing vortices 
were likely to merge with the weaker same-sign, unsteady lower wheel vortices. 
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2.4 The Wheel and Front Wing Geometry and 
Flow Interactions 
In the water tunnel experiments conducted by Shah (2005) the presence of the wheel 
pressure gradients in the wake of the wing were found to enhance downforce on the 
wing by a factor of 10%. This was attributed to the pressure field arising from the 
blockage of the wheel feeding upstream to the wing. However Thisse (2004), during 
a CFD study of a racing car wing and wheel found a reduction of wing downforce of 
as much as 36% with the wheel present. Thisse attributed this to the high pressure 
region ahead of the wheel influencing the flow on the lower suction side of the wing. 
This study also revealed a rearward movement of the separation point on top of the 
wheel as a result of the presence of the front wing, but given that the isolated wheel 
CFD study by Axon & Garry (1998) has shown a similar rearward separation in 
conflict with isolated wheel experimental results, this finding may be erroneous and 
subject to problems resolving the flow in this particular area described earlier in this 
review. Whilst the study by Shah was instructive, the use of a simple pressure gradi- 
ent to represent wheels may be unrepresentative due to the complex flow associated 
with wheels and the local high pressure region ahead of the wheel and its influence 
on the wing would not be apparent, although Shah was mainly concerned with effect 
of the vortices. 
Front wing endplates similar to, or modifications of, those used in the study by Shah 
(2005) have been used on racing cars for many years. By placing flat vertical endplates 
at the tips this secondary flow is reduced leading to increased wing efficiency. The 
complexity in the endplate systems of modern Formula 1 cars has come about as a 
result of many hours of wind tunnel experimentation and CFD computations not only 
to maximise the performance of the wing, but also to direct the subsequent trailing 
vortex system around the wheel in a way that minimises the possibility of, or delays, 
vortex burst and thus enhances the performance of other parts of the car, such as the 
diffuser. 
The wing/endplate configuration with respect to the position of the front wheel is 
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shown in Figure 2.47. This represented a typical Formula 1 geometry up to the 
2008 season and is the baseline configuration used in this research. One of the main 
features of the modern Formula 1 wing are the presence of two wing elements, and 
more recently, 3 elements. By changing the incidence of the air flow over earlier 
elements, the angle of attack of latter elements can be much higher before the flow 
separates leading to stall. This considerably increases the downforce compared to a 
single element wing. By supporting the wing on pillars below the raised nose, the 
inevitable loss of downforce in the middle region can be reduced, although this central 
region is designed to direct and enhance flow under the nose to the cooling intakes 
and underbody. The curved (usually downward in the centre) wing span adopted 
now by all Formula 1 teams, was a result of a loophole in the rules that allows the 
clearance of the flat bottom of the car to be much lower to the ground and thus the 
front wing could follow this lower profile in the central region. 
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(b) Side view 
Figure 2.47: Standard positioning of a wheel with respect to the front wing. A 
configuration that was used in this research 
The close proximity of the front wheels to the trailing edge of the wing are significant 
in the endplate design. Much of the work relating to a shift from simple flat endplates 
to the complex endplate design of Formula 1 cars today, is due to an a number of key 
FIA rule changes. In 1998 the FIA reduced the wheelbase from 220cm to 180cm. This 
wheel placement obstructed to an even greater extent the wake of the wing which 
had been optimised to provide maximum downforce whilst feeding and directing flow 
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to the underbody, diffuser and radiators. In 2001 new front wing regulations were 
introduced raising the height of the wing from 40mm to 100mm in an attempt to slow 
cars by reducing ground-effect generating downforce. Endplate systems were added 
and shaped to direct the trailing vortex system around the inside of the wheel, aiding 
brake cooling and energizing the flow down the inboard regions toward the underbody. 
Features of the wheel flow such as the viscous action of air being drawn around the 
wheel due to rotation, has led to endplate components designed to augment wing 
performance including horizontal delta-wing elements called canards, mounted on 
the outer endplate, added to enhance downforce on the wing. CFD studies relating 
to the flow around a simplified wing and wheel by Thisse (2004) and Kellar et al. 
(1999) and recent experimental studies by Diasinos & Gatto (2008) have shown that 
the trailing vortex system passing down the inboard side of the wheel led to an 
asymmetric wheel wake skewed in the lower base region toward the inboard side. It 
was noted that asymmetric wheel wakes have a detrimental effect on wheel drag. 
Farther rule changes were adopted for the 2009 season, one of which included the 
widening of front wings in an attempt to pick up downforce in the wake of other 
cars and enhance overtaking possibilities. The resulting outboard trajectory of the 
endplate vortex with respect to the front wheel, resulted in a very different endplate 
configuration to previous years. 
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Experimental Methods and Data 
Processing 
This chapter presents details of the experimental equipment used throughout the 
research and describes the methods by which acquired data was analysed, processed 
and presented. All of the experiments made use of model racing car wheels or sections 
of cylinders that represent wheels in a basic form. Some of the later experiments 
introduced a front wing and centre-body positioned in the correct geometric position 
ahead of the wheel relative to a defined baseline configuration of a full scale Williams 
F1 racing car. 
3.0.1 Field of View 
The `field of view' can be described as the 2-dimensional image as it appears at the 
camera. During experiments in the water channel is was possible to obtain PIV 
data from 3 fields of view aligned with the coordinates; axis Y-Z, X-Z and X-Y. The 
geometrical relationship between the camera, field of view and model is shown in 
Figure 3.1 for the 3 variations. In the wind tunnel, only X-plane, cross-flow views 
aligned with the axis Y-Z were recorded (Figure 3.1(a)). Each of these fields of view 
can be described by the axis along which they are viewed (table 3.1). 
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Dimension reference View description 
X-plane (axis Y-Z) Looking from the rear (and the front) 
Y-plane (axis X-Z) Looking from the side 
Z-plane (axis X-Y) Looking up from under the model and down from above 
Table 3.1: Field of view specifications for the water tunnel PIV experiments. 
Wind tunnel PIV experiments were obtained only in the X-plane view 
0fl & fl I, r 





(a) X-plane (axis Y-Z) (b) Y-plane (axis X-Z) 
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(c) Z-plane (axis X-Y) 
Figure 3.1: Camera viewing positions and interrogation plane geometry for three 
views 
3.1 Coordinate System, Origin and Frame of Ref- 
erence 
A conventional right handed axis system was adopted throughout this research, with 
the X-axis aligned with the undisturbed free stream direction, the Y-axis aligned 
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laterally, positive from left to right and the Z-axis aligned vertically positive in the 
upward direction. The coordinates were non-dimensionalised with the diameter of 
the wheel (D). The origin was at the floor, below the centre of the wheel and shown 
in Figure 3.2 by a red cross. The vertical X-plane centre-line bisects the middle of the 
wheel when viewed from downstream or upstream. This is also the vertical Y-plane 
centreline when viewing the wheel from the side. The horizontal Z-plane centre-line 
bisects the middle of the wheel when viewed from below or above and this is also the 
horizontal Y-plane centre-line which passes through the axle at a height Z/D=0.5 
above the origin when viewed from the side. 
Points on the circumference of the wheel are defined in terms of their angular position, 
D9, starting at the leading edge of the wheel and increasing anticlockwise as shown 
in Figure 3.3. 
3.1.1 Yaw and Camber Frame of Reference 
Camber 
Camber was defined as the angle that the wheel's vertical axis makes with the vertical 
axis of the vehicle as viewed from the front or rear. In negative camber the top of the 
wheel leans towards the centre of the car. In positive camber the top of the wheel 
leans out. 
Yaw 
Yaw was defined as the horizontal angle of the wheel with respect to the direction of 
travel. It is often referred to as the `slip angle'. Positive yaw is when the wheel is 
rotated to the left with respect to the direction of travel. In these tests, positive yaw 
exposes the inboard side of the wheel to the oncoming flow. 
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Figure 3.2: Co-ordinate convention for the isolated wheel models and combined 
wheel wing models; Red cross indicates origin, located at the centre of the contact 
patch 
3.2 Experimental Facilities 
3.2.1 The 9m Water Flume Facility 
The 9m Water Flume consists of a 9m long steel framed test section with dimensions 
of width 0.6m and water depth of 0.7m, with a contraction at the upstream end, as 
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Figure 3.3: Angular co-ordinate convention for the isolated wheel model (red lines 
through wheel centre indicates a vertical line defining the vertical Y-plane centre- 
line and vertical X-plane centre-line, and a horizontal line defining the stream-wise 
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(a) Camber (b) Yaw 
Figure 3.4: X-plane; Yaw and Camber orientation as viewed from downstream 
shown in Figure 3.5. The walls, floor and downstream end of of the test section are 
made of glass, facilitating the use of a wide range of visualisation and interrogation 
equipment. Two modes of operation are possible. Water can be recirculated via a 
stilling basin at the downstream end and under-tank pipework, providing a flow rate 
capability of up to lms 1. The flow is driven by a variable speed 35kW AC motor. 
Alternatively, the model can be moved through the water; a carriage system mounted 
on rails each side of the flume can traverse the length of the test section. It is also 
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possible to run experiments using a combination of these two modes. 
Water flumes are versatile hydrodynamic test facilities and can be used to study 
geophysical and environmental flows, sea states and the physical behaviour of models 
subject to such flows. Additionally water flumes can be configured as wind tunnels 
with the model submerged in the water. The experiments in this research study 
made use of the water flume in this manner and referred to in this thesis as the 
`water tunnel'. 
ý'+ 
Figure 3.5: Drawing of the 9m Water Flume, top; plan view, bottom; side view 
3.2.2 The Honda Wind Tunnel and Rolling Road 
The Honda wind tunnel is a large, low-speed facility suitable for a wide range of 
experimentation, but is optimised for racing car testing. It is of the closed return 
type with a closed test section which has a cross-sectional size of 3.048m wide by 
1.524m high and a length of 9m. Air speeds of 45ms-' are possible using twin fans 
driven by a pair of 105kW 3-phase DC motors. 
A Rolling Road is fitted which is 1.8m wide by 2.5m long and capable of speeds up to 
40ms-1. The road surface is a rubber/neoprene belt running on an aluminium, water 
cooled platen which also has a variable profile suction system built in to prevent the 
Page 105 
CHAPTER 3. EXPERIMENTAL METHODS AND DATA PROCESSING 
(a) 9iu eater flume (I)) Class end sc<tioll 
Figure 3.6: The flume and glass downstream end section with camera mounted 
belt from lifting when testing racing car models that generate high levels of downforce. 
The tunnel is fitted with a servo driven model support and positioning system and 
suction based boundary layer control. This system makes use of a suction fan to 
draw air through perforated plates mounted in the floor spanning the width of the 
test section in two positions ahead of the rolling road and is calibrated to provide 
sufficient suction to remove as much of the boundary layer as possible for a given free 
stream air speed. 
To correctly represent the conditions of a real racing car in motion, the air and road 
speed should be perfectly matched and there should be no boundary layer (Bearman 
et al. 1988). In practice, the air and road speed are matched to within 0.1% of each 
other. Boundary layer development ahead of the rolling road can slow the flow just 
above the road surface, introducing a deficit in the free stream velocity. The boundary 
layer suction system is calibrated to minimise this deficit which was measured in 
the empty tunnel to be less than 0.15% of the free stream. The air speed was set 
by measuring the difference in static pressure across the tunnel contraction using 
a Furness FCO-510 Micro-manometer with real-time compensation for temperature 
and barometric pressure. A correction factor was applied to ensure the correct air 
speed at the position of the model was measured. 
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Both the model support system and rolling road are independently adjustable for yaw 
angle. The model is manually positioned using a plate and locking screw assembly 
and the rolling road can be rotated using a motorised turntable. The system allows 
-5° to +20° of yaw adjustment. 
Model racing car wheels are commonly supported from the side of the tunnel so that 
drag forces can be measured independently of car body forces. An axle/wishbone 
system is used which incorporates a drag measurement load cell between the wheel 
and the axle. The wishbone system is designed to allow changes to be made to the 
wheel camber aiigle and wheel t rick width. 
Figure 3.7: The iluiida Tluiiiel test section and a typical racing cm- model 
3.2.3 The Honda Tunnel Traverse System 
The traverse system is designed to provide rigid support for probes and can offer 
3-dimensional positioning anywhere within the test section. This is achieved using 
a nacelle mounted at the vertical mid-point of the test section. The nacelle can be 
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traversed in X and Y and makes use of a combination of rotational movement about 
the nacelle axis, theta and linear arm movement at an angle of 60° to the nacelle axis 
along with conventional X, Y movements to achieve positions in Z. This configuration 
adds complexity to the traverse positioning software, but has the advantage of being 
substantially stiffer than a conventional traverse. The traverse is also equipped with a 
`yaw/pitch' head which allows two further degrees of freedom. This particular module 
was not used for the experiments in this research. 
Servo motors are used to drive each axis of the traverse and these are powered by a 
Trio-motion intelligent controller which can be programmed using a TCP/IP inter- 
face. Software was written by the author, to move the probe to the desired location 
and these routines were incorporated into the main data acquisition software. 
Figure 3.8: The Honda Tunnel traverse system 
3.3 Wheel models 
The bulk of this research focused on the flow around isolated racing car wheels with 
correct boundary conditions of rotation in contact with a road surface. It was not 
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possible to carry out experiments with the wheels truly isolated and it was necessary 
to provide a suitably stiff, and in some experiments, adjustable support system. 
The support, whilst designed to minimise any disturbance to the flow was clearly a 
potential source of error when characterizing the isolated wheel flow features. Whilst 
the models were geometrically accurate in terms of their outer shape when compared 
to real wheels, the hub cavity geometry was not. This varied from model to model 
and would generally not be comparable with the complex hub cavities of wheels on 
current racing cars. To remove possible influences to the flow from differing hub 
cavity geometry, most of the wheel models were tested with hub cavities blanked 
using flush mounted, flat plates. Many Formula 1 teams in recent years have adopted 
fixed hub blanking plates to minimise hub flow complications. 
Over recent years, up to the end of the 2008 season, Formula 1 regulations have 
defined the specification for front and rear wheels to have 4 circumferential grooves, 
14mm wide and 2.5mm deep, square to the wheel axis and positioned around the 
entire circumference of the contact surface of each tyre. Most of the isolated wheel 
models tested during this research were based on smooth or `slick' tyre treads and 
thus the aerodynamic effect of grooves was not measured. However in later wind 
tunnel experiments, current regulation, grooved tyres were used and results compared 
against non-grooved data. In 2009 Formula 1 regulations changed again, heralding a 
return to `slick' tyres. 
3.3.1 Wheel Model Size and Blockage Effects 
When a model is placed in a large `duct' such as a wind tunnel or water tunnel, 
the model blocks the flow according to its frontal area and blockage is generally 
defined at the ratio of model frontal area to test section cross-sectional area. When 
experimentation involves the testing of bluff-bodies, such as wheels, the effect can 
be exacerbated due to blockage created by the large separated wake. The result 
of blockage is a speeding up of the free stream around the model as the air passes 
through the gaps between model and walls and this increases dynamic pressure which 
affects all the aerodynamic forces. In general terms, a target blockage of no more 
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than 7% is considered to not significantly affect the data and with the application 
of blockage correction factors errors are minimised further. However if the imposed 
incorrect pressure gradient causes separation patterns to change on the model, this 
cannot be corrected. 
Throughout this research a number of different sizes of wheel model were used. For 
experimentation in the water tunnel, an important consideration was to ensure that 
the blockage was not too great as the cross-sectional area of the flume was 0.36m2. 
However, to obtain suitably high Reynolds numbers, the biggest possible wheel mod- 
els were used. Blockage was far less significant in the Honda wind tunnel with a 
cross-sectional area of 4.65m2. The largest model used in the water tunnel was a 
38% wheel which presented a blockage of 9.4%. Studies carried out on the effect 
of blockage due to different aspect ratio cylinders have revealed some pressure field 
distortion and Strouhal number variations above 6% blockage (West & Apelt 1982) 
and although 9.4% is higher than generally accepted values, much of the blockage 
effects are gross in terms of their influence on the model and surrounding flow field. 
As these investigations were based on comparative studies of the local flow field, this 
blockage was not considered to be a significant source of error. 
3.3.2 Sharp Ended Low Aspect Ratio Cylinders 
To define the fundamental characteristics of flow around low aspect ratio cylinders 
with the correct boundary conditions as racing wheels, PIV experiments were carried 
out in the water tunnel using sharp ended wooden cylinders. These were made of 
wood and coated in a waterproof black paint (Figure 3.9). For the majority of the tests 
flat hubs were fitted to prevent hub cavity flow. The cylinder was supported using an 
aerofoil profiled wishbone. A thin layer of compressible rubber foam (approximately 
1mm thick) coated the rolling wheel surface so that a suitable seal could be obtained 
between it and the road surface. This created a minimal uniform contact patch over 
the width of the wheel which was approximately 8mm long when compressed against 
the road. 
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Two simplified c vlirlder models were used with two different aspect ratios (! \H 011¬' 
with a similar Aß to a typical Fl front wliE'c'l at AR, =0.54 and another. 35`% tiºu11ll¬r 
at AR=0.38. The model scale was 30(X0 of a lull size Fl wheel giving l)lockeIge ratios 
of 6% and 4.2`% respectively when the cvlilders were mounted in Ilie water tmuiºiel. 
. ý, ý e z,. 
Figure 3.9: C'vliii ter- 30% scale: Smaller and larger All resý)e(tiveýlti 
3.3.3 Solid Generic Racing Car Wheel Models 
Diirüig early isolated wheel eXj)eriIIleiit alt ioii carried out in t lºe wýi1Vr tullnel. Solid 
alluiiiniiuii Wheels (11111) and tvre) at 3()`% scale, were used I Imt had a ýliai)V geuýýric ýillý 
similar to racing wheels (Figure 3.10(a)). The rnlliiig suirfmv was 'slick' and coated 
ill as thin layer of foaiii nil )l er to facilitate a seal between the wheel and the FOil(I. 
A geometrically very siiuilair aluminium wheel at 40`x: was used in the Honda wind 
tunnel (Figure 3.10(h)) NO there was no need for a rubber coaling as, these was 
sliflicieiit grip (hie to the weight of the wheel and the rubber rolling road surface. 
\V'liilst t1105(' whorls Nvere iisefiil ill ol)tailling a gcllo al uiid('rstaiuliiig of Ilie 1>rrýlýýiii 
üiaiit uIOW Teat 1irc5 and Ill t lie development cri varioitti <ýXpe ülic'iila! technique"'. they 
were le'SS with regard to the flow a )lIii(l IIU' ("(>iit? I("t pitch and 1ae 
region (hie to the solid tyre and lack of tyre wall deflection. 
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(b) Honda tunnel model at 40% scale 
Figure 3.10: Solid wheel models. 
3.3.4 Pneumatic Wheel Models 
A much more realistic representation of a wheel is achieved using a pneumatic tyre on 
a solid hub. Tyre profile is important in governing the local flow field around a racing 
car wheel and many of the important contributing aerodynamic factors are based on 
the flow around the lower quarter of the wheel and at the wheel/road interface. The 
tyre profile in this region can be significantly altered by changes to the vertical wheel 
loading, creating larger or smaller contact patch areas with associated tyre wall profile 
deformations. This vertical loading can vary hugely during a race, thus big changes 
to certain aspects of the flow are likely depending on the amount of tyre load. 
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For the water tunnel experiments, a full-size go-cart racing wheel was used (Figure 
3.11). This represented a model with a diameter of 0.254m and a scale of 38% with 
respect to a full size Formula 1 racing wheel, with an AR=0.52 and had a tyre profile 
very similar to current Formula 1 racing cars. Whilst the tyre was an accurate scale 
representation of an F1 tyre, the internal hub structure was different. Again, to 
remove the uncertainties relating to hub cavity flows, the cavities were capped with 
flush fitting plates. 
To achieve the required contact patch, the air was released from the wheel making it 
easier to compress against the tank wall. This was necessary to obtain larger contact 
patch sizes. For the smaller contact patch experiments, the tyre was partially inflated 
such that with the correct size patch, enough vertical force could be applied to prevent 
wheel lift or slippage. The wheel tread was `slick' and the rubber had sufficient grip 
with the chosen contact patch sizes to prevent the wheel from slipping or skidding. 
However when yaw tests were carried out, it was necessary to coat the wheel with a 
spray based contact adhesive to improve the grip. 
Concluding experiments carried out in the Honda wind tunnel made use of a 50% 
scale model pneumatic wheel from a current Formula 1 racing car both in isolation 
and with the addition of a Williams Fl front wing described in the next section. 
This model was the most representative in terms of comparison with a real wheel 
and included the regulation four parallel grooves in the tread. A summary of the 
wheel models can be found in table 3.2. 
Figure 3.11: Pneumatic 38% scale wheel 
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Figure 3.12: Pneumatic 50% scale wheel 
Model Test Dia(m) Width(m) AR 
Solid 33% front wheel Water 0.213 0.106 0.5 
Solid 33% rear wheel Water 0.21 0.129 0.61 
30% cylinder 1 Water 0.2 0.075 0.38 
30% cylinder 2 Water 0.2 0.108 0.54 
Solid 40% front wheel Air 0.258 0.119 0.46 
Solid 40% rear wheel Air 0.273 0.166 0.61 
Pneumatic 38% wheel Water 0.254 0.133 0.52 
Pneumatic 50% wheel Air 0.327 0.178 0.54 
Table 3.2: Summary of wheel models 
3.3.5 The Williams `Walrus' Nose Front Wing Model 
In 2004 Williams launched an unconventional nose-cone design termed the 'Walrus' 
Nose (Figure 3.13) because of the tusk like shape of a shortened nose with wing 
supports protruding forward and arcing down to a double element wing section. The 
development of this design was based on the principle that performance would be 
enhanced by extending the wing section forward into clean, uninterrupted air and 
also that it would help to enhance airflow under the car aiding the performance of 
the underbody diffuser. 
A drawback to the design became apparent during the first part of the 2004 season, 
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Figure 3.13: Walrus nose front wing from a 2004 Williams Formula 1 car 
with some practical problems adjusting the balance of the car as a result of the extra 
weight of the arced supports required to maintain rigidity in the wing. Combined 
with pitch sensitivity issues and susceptibility to crosswinds, the design was replaced 
mid-season by a conventional design. The shape of the double element wing sections 
and the endplate design, were used on Formula 1 cars in recent years up to the 
end of the 2008 season. This research concludes with a wind tunnel experiment of 
a accurately modelled 50% scale front wheel and wing based on the 2004 Williams 
Walrus nose assembly. 
3.4 The Water Tunnel PIV Experiment 
A water tunnel for experimental testing offers some significant benefits over conven- 
tional wind tunnels. Water has a lower kinematic viscosity than air and therefore 
the water flow velocity with respect to the model can be considerably slower com- 
pared with air flow velocity for a given Reynolds number. At lower flow speeds, 
diagnostic equipment does not have to be as sophisticated and sampling speeds can 
be lower. This means that systems can be comparatively cheaper and often more 
readily available. Water tunnel facilities lend themselves to a range of flow visuali- 
sation studies and non-intrusive optical interrogation techniques, from dye injection 
to laser PIV/PTV and LDA techniques because test sections are generally long and 
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the floor and walls usually made of glass or other transparent material which makes 
it easier to interrogate flows from a range of angles and viewing positions. 
The disadvantages of testing in water relate to reduced accessibility and models that 
have either to be made out of materials that are not subject to corrosion or steps 
taken to protect models and any electronic instrumentation and mechanical parts 
from water ingress and damage. This can raise model costs compared with similar 
tests in a conventional wind tunnel. 
With a flowing water system and carriage assembly, two modes of water tunnel op- 
eration are possible. These can be described as two different `frames of reference' in 
relation to the model and surrounding boundary conditions; 
" Fixed Frame of Reference 
In this mode, the water tunnel performs much like a conventional wind tunnel 
with the model stationary and the flow moving. The carriage or other mounting 
system would remain fixed and stationary and the flow driven by a water pump, 
which, in this facility can be adjusted for speeds in the range 0 to 1ms 1. 
" Moving Frame of Reference 
In this mode, the carriage system is used to move the model through the water 
at a constant velocity with the water remaining stationary. Constant velocity 
is possible over a distance of approximately 7m out of the total 9m test section 
length. Because the water is stationary, if sufficient time has been allowed for 
settling between disturbances, flow quality is excellent. 
Some flow visualisation experiments were carried out using the fixed frame of refer- 
ence, but most of the testing (including all of the water based PIV) was performed 
using a moving frame of reference with the models being towed by the carriage, as 
this provided the correct boundary conditions of an isolated wheel rolling along a 
road in contact with the road surface. Generally, experimental setups in this mode, 
are more complicated than similar experiments in wind tunnels, requiring accurate 
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timing and triggering to obtain data at the correct moment as the carriage passes 
the interrogation point in the constant velocity region of the water tunnel. 
3.4.1 The Moving Carriage System 
The moving carriage system, shown in Figure A. 1(a), was constructed using modular 
mechanical assembly parts called Mimtet and allowed for models to be moved through 
the water at uniform and precisely controlled speeds of up to 3.8ms-1 
The system was designed with a number of key attributes; 
" Speeds range from 0.01ms-1 to 3.8ms-1 
" Controllable constant velocity better that 0.05% 
" Capable of moving a model weighing up to l0kg 
" Smooth running (no carriage rail breaks) 
" Self alignment and positive rail attachment 
" Intelligent programmable DC servo system interfacable with experimental equip- 
ment, such as the PIV system. 
Software was written in Visual Basic to control various carriage parameters, such as 
velocity and acceleration and specific routines written to link the carriage operation 
with the PIV system to perform the required experiments. Further details of the 
construction and operation of the carriage can be found in appendix A. 1. 
3.5 The Wind Tunnel PIV Experiment 
In the final phase of the research, PIV experiments were carried out in the Honda 
wind tunnel on a more representative 50% scale model F1 racing car wheel in conjunc- 
tion with the Williams front wing model. All of these data were obtained from PIV 
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interrogation in the X-plane. Whilst this wing design is no longer used by Williams, 
the main features of the double-element wing and endplate configuration are reason- 
ably representative and have been employed on Formula 1 cars for some years, albeit 
with various modifications and add-ons in more recent years. 
The aim of these experiments was to (a) compare previous PIV data obtained in 
water with that obtained in air for a more representative wheel and (b) to establish 
what effect additional parts of the car have on the isolated wheel wake, in particular 
a front wing as this was considered to be the biggest modifying factor to the wheel's 
flow characteristics, due to its location immediately upstream of the front wheels. As 
before, the hub cavity was blanked off for most experiments to remove cavity flow 
effects. However a number of specific experiments were carried out to observe the 
effect of cavity flow by the removal of the blanking plates. 
3.5.1 Objectives 
The experiments were conducted in two phases, but for the purposes of presenting 
the results, discussions and data from both phases are considered together. The 
experimental details are discussed later in this chapter. 
Phase 1 
This experiment was designed to examine the time-averaged wheel/wing wake using 
PIV at regularly spaced cross planes, 2 wheel diameters downstream of the wheel's 
rearward edge and compare resulting data with previous PIV data obtained in water 
for the isolated wheel case. Also, to incorporate a front wing element (mounted on 
a streamlined centre-body) in a geometrically correct position relative to the wheel, 
based on Williams F1 standard baseline configuration and observe the effect this has 
on the wheel wake. Various modifications to wheel and wing position were also made 
and the data recorded. Data from these experiments will be referred to as `far field' 
results. 
Phase 2 
In this experiment the aim was to interrogate the flow along the inboard and outboard 
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sides of the wheel using PIV at regularly spaced planes perpendicular to the free- 
stream (referred to in this report as X-planes) to establish the wing's near field wake 
flow in the presence of the wheel and various interactions of the wing vortices as they 
pass alongside the wheel. Data from these experiments will be referred to as `near 
field' results. 
3.5.2 Operating Conditions 
The air and road speed of the wind tunnel were set, to 22m5 ', this inatching the 
Reynolds number of the majority of the previous water-based PIV. The tunnel air 
speed was set using the Furness micro-manometer. Both the support strut and rolling 
road were independently adjustable for yaw angle and the wishbone system permitted 
changes to the camber angle and trick width of t lie wheel. 
Figure 3.14: The Honda Tunnel and model Mounted in the test section 
3.5.3 Wheel / Wing Model and Mounting Assembly 
Two 50% scale model Formula 1 grooved front wheels were mounted such that they 
rested on the rolling road with a correctly scaled standard F1 wheel track. The 
wheel supports or wishbones were attached via axles to fixings at the sides of the 
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test-section. It was not possible to alter the contact patch size and this remained as 
that produced by the weight of the wheel/wishbone system (approximately 60% of 
a typical F1 car running in a straight-line). Unless otherwise stated, the wheel hubs 
were blanked off with flush mounted solid circular plates to remove hub cavity effects 
and to make comparison with previous water-based PIV data easier. All parts of the 
model assembly were painted matt black to minimise laser light reflections. 
The wing element was mounted to the front of a generic centre-body representing the 
bodywork ahead of the driver and nose of an F1 racing car. Further rearward (2-D 
downstream), the centre-body was gradually tapered to prevent a large separated 
wake and mounted on the tunnel strut support and could be accurately positioned 
vertically, using the servo-driven tunnel height positioning system. 
The `baseline' positioning of the wheel with respect to the wing corresponded to a 
typical arrangement for the William's F1 car and conformed with the FIA regulations. 
(see Figure 3.15) 
The centre-body, wing and wheel assembly were symmetric about the centre-line to 
maintain flow symmetry and the laser/camera interrogation was carried out on the 
right hand side of the centre-line, being the near side of the test section. The model 
was positioned such that the wheels were at the centre of the longitudinal rolling road 
length and 0.6m from the outboard side of the wheel to the lateral edge of the belt. 
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(b) X-axis elevation and view as seen by the 
camera 
Figure 3.15: Baseline model geometry and model-scale dimensions 
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(it) 
(b) 
Figure 3.16: Wheel, wing and centre-body 
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3.6 PIV Measurements 
Particle Image Velocimetry or PIV, is an optical technique for measuring the velocity 
of a flow in a non-intrusive manner, removing the need for measurement probes 
which can disturb the flow. An indirect measurement is made of the velocity of 
tracer particles which have been added to the flow before the start of the experiment. 
PIV is classed as a whole field technique which allows instantaneous measurements 
of a large section of the flow field often referred to as the interrogation plane. Other 
experimental methods, such as LDA and non-laser based measurements such as hot- 
wire anemometry and pressure probes are single point measuring devices, limiting 
the quantity of data collected in a single measurement. However some of these single 
point techniques have the advantage of a high temporal resolution. Whilst PIV has 
a large spatial resolution, generally high temporal resolution comes at a prohibitively 
high system cost. The speed at which hardware advancements are being made means 
that this restriction is likely to reduce as systems develop and become faster. The 
advantage of running PIV experiments in a water tunnel, with an equivalent Reynolds 
number to air at a much lower velocity, is that it is easier to seed the flow with 
neutrally buoyant particles that follow the flow. Because these particles are larger 
than the seeding particles required for air based PIV, it is possible to take advantage 
of currently available PIV systems to obtain results that would be more difficult to 
achieve in the wind tunnel. 
3.6.1 PIV Principles 
PIV was carried out in both the flume and the wind tunnel using a commercially avail- 
able 2-dimensional system. The PIV system comprises 3 fundamental subsections; a 
laser light source, a synchronised camera system and a data processing system. In 
addition to this, tracer seeding particles are required to be evenly distributed in the 
flow. 
The laser light source produces a light sheet via a cylindrical lens mounted to the 
front of the laser and illuminates the tracer particles (Figure 3.17). The camera is 
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Figure 3.17: Basic PIV equipment setup 
TI 
mounted perpendicular to the light sheet and the distance between camera and light 
sheet optimised such that the full camera image is within the spread of the light 
sheet. The camera is synchronised with the laser such that two frames are taken at 
the same time as two laser pulses separated by a short time interval, known as the 
frame pair separation time, At. 
A cross-correlation technique is performed between the frame pair to obtain an aver- 
age particle displacement vector. If f (i, j) and g(i, j) are the image intensity distri- 
butions of the first and second pair, and m and n are the pixel offset between images, 
then the cross-correlation f, g can be described as 
4)f, 9(m, n)=EiE3f(i, j)xg(i+m, j+n). 
(3.1) 
The cross-correlation process uses a Fast Fourier transform (FFT) to produce raw 
vector plots of the field of view. The use of FFT algorithms significantly speed 
up processing time. The field of view is divided into interrogation cells, usually 
64x64 or 32x32 pixels in size. The choice of cell size depends on the required full- 
frame vector density balanced against the need to ensure that, for cross-correlation 
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with a high signal-to-noise ratio, more than 4 particles are completely contained 
within one interrogation cell (Keane & Adrian 1992). The displacement of these 
particles between frame pairs should ideally cover approximately 25% of the cell's 
width because at higher particle movements, the displacement measurement accuracy 
starts to drop, an effect that gets worse with a lower number of particles within the 
interrogation area. Monte Carlo computer simulations are an effective method of 
plotting the required seeding density as shown in Figure 3.18. Particles that pass out 
of the interrogation area between frames are not correlated and reduce the correlation 
signal to noise ratio. 
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Figure 3.18: Graph showing the calculated displacement error for larger dis- 
placements as a function of seeding density. (Dantec Dynamics Ltd) 
The size of interrogation cell depends on the size of the structures in the flow. Much 
of the more interesting results from PIV studies in this research come from the X- 
plane cross-flow view of the wake downstream of the models. This presents a specific 
difficulty when estimating the size of the structures in a highly turbulent bluff body 
wake where a wide range of structure sizes are likely. In both water and air, it was 
generally possible to obtain a high signal to noise ratio with a 32x32 pixel interroga- 
tion cell (with a 50% overlap) giving, as an example, a spatial resolution of 5.75mm 
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(cell to cell) for a typical X-plane location in water. The total resolved field of view 
therefore corresponded to a frame size of 573mm x 318mm. 
A turbulent bluff-body wake, such as that created by the wheel models used in this 
study, contain many three-dimensional features, such as vortices. This adds to the 
difficulty of obtaining useful PIV data using, what is essentially in this form, a 2-D 
technique. The problems are compounded in cross-flow measurements due to the 
wide range of velocities that could be present in the unmeasured free stream velocity 
component, Ua normal to the measured plane. This means that particles may only 
have been recorded in one of the double pulsed images, leading to a degradation in the 
signal to noise ratio. The problem is eased somewhat by overlapping the interrogation 
window by a pre-defined percentage, typically 50%, so that particles that have not 
correlated because they have passed out of the frame, are successfully correlated once 
the frame has been shifted. The determination of the light sheet thickness, L. and 
the frame pair separation time, At are critical in obtaining satisfactory results and as 





By decreasing At the particles can be captured, meeting the above criteria. However 
this reduction will almost certainly need to be large due to the potentially high 
through plane velocities, resulting in the inability to capture the predominantly slower 
cross-flow features. One compromise is to increase the thickness of the light sheet 
as much as possible, with the limiting factors being the inevitable reduction of light 
intensity and the inability to focus the lens over a depth of field equal to the light 
sheet thickness (to allow maximum light into the lens, the aperture needs to be fully 
open minimizing depth of field). 
Some of the important flow features that were under investigation, such as wheel 
and wing vortex structures, sometimes contributed to the degradation of data qual- 
ity, due to their high axial velocities near the core essentially extracting sufficient 
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tracer particles from their core regions. A large amount of setup time and many pre- 
experimental measurements were required in order to minimise some of the above 
problems and achieve satisfactory data. 
3.6.2 PIV Hardware 
The PIV systems used during this research were manufactured by Dantec Dynamics 
and consisted of a Litron 150mJ double pulsed Nd: YAG laser for the experiments in 
the water tunnel and a Litron 125mJ double pulsed Nd: YAG laser for the wind tun- 
nel experiments. Also, for both water and air experiments, a Flowsense CCD 15Hz 
camera with a resolution of 1600(w) x 1200(h) pixels, synchronisation and image pro- 
cessing hardware. Dantec PIV processing and control software called Flowmanager 
was used to carry out correlation and other data management tasks. 
3.6.3 Flow Seeding 
Different tracer particles were used depending on the flow medium. In the water 
tunnel Vestosint 7182 plastic particles in the form of a white powder from Degussa 
International were used as seeding. The average size of these particles was 30 mi- 
crons and they are neutrally buoyant. In the wind tunnel, a water/glycerine based 
atomizing seeder was used producing particle sizes of approximately 5 microns. 
In Y- and Z-plane measurements in the water tunnel and all air PIV experiments, 
seeding was added to the flow such that all the water within the flume and in the case 
of the wind tunnel, all the air in the circuit was optimally seeded. This ensured that 
the results were not subject to variations in seeding quality during a run. However, 
this technique creates a problem when cross-flow (X-plane) measurements are taken 
as the gap between the camera and light sheet is filled with seeding thus reducing 
the amount of reflected light energy from the illuminated particles in the light sheet. 
For X-plane measurements in the water tunnel, because the water was stationary 
and model moving, it was possible to minimise this problem by seeding just the 
interrogation location so that the majority of the distance between camera and light 
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sheet did not contain any particles. Whilst this method was more prone to uneven 
local seeding density, the data were better resolved. The fixed frame of reference in 
the wind tunnel prevents the ability to carry out local seeding and therefore extra care 
was needed to ensure that the seeding volume was not too dense. In both frames of 
reference, within the light sheet, scattered light due to refraction from other particles 
as well as the directly illuminated light from a particle can increase the signal to noise 
ratio and degrade the image as the density of particles increases beyond an optimum 
amount. 
3.6.4 Calibration 
In order to calculate the velocity of the particles at the interrogation plane, the image 
recorded by the camera has to be calibrated. That is, each pixel should correspond 
to a distance at the image. The calibration relates to the distance of the CCD 
sensor to the image plane so if this distance changes, repeat calibrations will be 
necessary. To minimise the number of calibrations, the distance between the light 
sheet and the camera was fixed and mechanically linked so that if a change of plane 
was required, the combination of the camera and light sheet (ie the laser unit and 
mirror assembly) would move together the required distance and subsequently not 
alter the initial calibration. It was not possible to link the camera and light sheet 
for the experiments in the wind tunnel and so each unit was individually moved a 
pre-defined set distance to maintain the calibration. 
In both the water tunnel and wind tunnel PIV experiments, the calibration procedure 
was carried out as follows; 
" Adjust the light sheet to illuminate the required interrogation plane. 
9 Fit a graduated scale in plane with the light sheet (ruler of suitable length) 
" Record an image of the graduated scale after focusing the camera on the scale 
9 Pick an initial point on the ruler to one side of the central axis of the image field 
and record the associated pixel location. Pick a second point to the opposing 
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side of the central axis and record the physical distance, ODi and the number 
of pixels over that distance, OP;. 
" Obtain the calibration factor from ODi/APP 
3.6.5 Water Tunnel PIV: Experimental Procedure 
The laser and associated light sheet was mounted at a fixed longitudinal (X-axis) 
location in the flume test section. This location was established based on data from 
the carriage speed profiles in Figure A. 5, ensuring that carriage and wheels models 
were travelling at a pre-determined constant velocity for some time in order for the 
flow conditions to become fully established. 
A fully automated data acquisition and control system was developed linking both 
the carriage system and laser PIV system. The flow diagram in Figure 3.19 shows 
the experimental stages. 
Each experiment was repeated 20 times to obtain accurate ensemble-average flow field 
information. Ideally, it would be preferable to carry out a greater number of repeats, 
but because of the necessary delay between each run to allow the water to settle, the 
total run time for a single experiment becomes prohibitive. An experiment was carried 
out whereby data from successive repeats were incrementally averaged to verify that 
by 20 repeats, time dependent features were sufficiently suppressed. Implementing 
the same experiment in a conventional wind tunnel with a fixed position model, means 
that many repeats can be carried out because the position between model and laser 
does not change. However, the disadvantage is the increased time required moving 
the interrogation plane to a new position. 
Data conversion to the Fixed Frame of Reference 
It is standard practice and convenient to present data using a fixed frame of reference; 
the model is stationary and the fluid is moving. As the water tunnel experiments 
operate with the model moving and the fluid stationary, data obtained in the Y and 
Z-plane are converted to the fixed frame of reference during post processing by adding 
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Figure 3.19: Flow diagram of automated data collection from flume PIV exper- 
iments 
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a U,,. component to the measured U vector component equal to the velocity of the 
model. 
Further details of the experimental procedure can be found in appendix A. 2 along 
with a schematic diagram (Figure A. 6) of the linked sub-systems that made up the 
experiment. 
3.6.6 Wind Tunnel PIV: Experimental Procedure 
The camera was mounted inside the test section, downstream of the model at a 
distance of 2m which was deemed far enough so as not to affect the flow conditions 
in the vicinity of the experiment. It was mounted on the right hand side of the 
tunnel centre-line looking upstream and aligned with the X-axis, so that cross flow 
in a range of X-planes (perpendicular to the free stream) could be measured. These 
planes were illuminated with a suitably sized light sheet produced using a cylindrical 
lens arrangement mounted to the laser head. 
With the camera 2m downstream, it was possible to resolve a field of view of 438mm 
x 321mm and this was large enough to resolve the flow around the complete profile of 
the wheel. The camera lens had a fixed focal length of 60mm so the dimensions of the 
field of view could only be changed by adjusting the distance between the lens and 
the location of the interrogation plane. A distance of 2m proved to be satisfactory. 
Obtaining a wider field of view to capture more of the surrounding flow field, was 
not practical due to: 
1. An inverse-square relationship between the amount of scattered light reaching 
the camera from the particles in the light sheet and distance. Any attempts to 
increase this distance led to unresolvable or degraded PIV data. 
2. Reduction of particle size in relation to the camera pixel size. At the chosen 
distance particle image sizes cover approximately 1.5 to 3 camera pixels with 
1.5 pixels being the optimum to reduce uncertainty level in the cross-correlation 
process (Raff el, Willert, & Kompenhans 1998). As sub-pixel interpolation is 
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also employed, greater accuracy and a less noisy signal is obtained with particle 
image sizes covering nearer to 3 camera pixels. 
Each experiment was set to record 80 sets of instantaneous double-frame PIV images 
at the maximum rate of 15Hz following stabilisation of the wind tunnel at the oper- 
ating speed of 22ms-1. The exposure of a pair of images was separated by a time dT, 
which was optimised to capture the movement of particles as they passed through 
the light sheet and was generally set to 30µS. 
The two experimental phases were undertaken, as follows: 
Phase 1: Wake Interrogation up to 2-D Downstream 
The laser was mounted at a location downstream of the model to the side of the tunnel 
with a mirror turning the light sheet through 90 degrees to obtain the interrogation 
illumination. The laser and camera mount were linked so that the distance between 
camera and light sheet remained constant. This avoided the need to adjust the focus 
and other settings between each interrogation plane and hence speeded up the process 
of collecting data. 
Phase 2: Near Field Wing Wake Inboard and Outboard sides of the Wheel 
To observe the flow around each side of the wheel, it was necessary to change the 
laser mounting system such that the light sheet was not blocked by the presence of 
the wheel. The laser was mounted in a streamlined box attached to the ceiling of the 
working section so that illumination originated from above and therefore no mirrors 
to turn the beam were required (Figure B. 2(b)). The laser adjustment in the X-plane 
was made independently of the camera mount, but both adjustments were the same 
in terms of their distance to maintain a constant camera to light sheet separation. 
Further details of the experiment can be found in appendix B. 1 along with a schematic 
diagram (Figure B. 1) of the linked sub-systems that made up the experiment. 
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3.7 Flow Visualisation 
Flow visualisation experiments were conducted in both the water tunnel and the wind 
tunnel. In the water tunnel the wheel model was mounted to the carriage with the 
tyre in contact with the glass wall (the road surface) as described in appendix A. 1. 
For the rotating wheel case, the carriage was moved through still water (giving the 
correct boundary conditions of a wheel rotating in a flow in contact with the road) 
and, additionally, some tests were carried out on a stationary wheel. For this case, 
the re-circulating flume pump provided a uniform water flow through the channel. 
The effect of rotation and non-rotation can then be compared although the boundary 
conditions for this latter configuration are incorrect due to the stationary road relative 
to the flow. 
3.7.1 Water Based Flow Visualisation 
Figure 3.20: Wheel model viewed looking upward from underneath the road 
surface. Dye released just upstream of the model in two lateral Y-axis positions; 
at the centre-line (Y/D = 0) and at the side of the model (Y/D = 0.25) 
Two small tanks were mounted above the carriage containing Fluorescein dye. The 
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height of the tanks was adjustable such that the dye speed could be matched to that 
of the local flow velocity. The released dye produced two stream traces that had no 
added artificial velocity from the injection system. 
The dye was released from a pair of 0.1mm ID bronze capillary tubes mounted ap- 
proximately 50mm from a 10mm aero section support tube. This achieved the aim of 
minimizing the disturbance to the flow from the probes but providing rigid enough 
support to prevent probe tip vibration. The release locations were at a series of ver- 
tical planes (with respect to the 90° shift of wheel orientation on the glass sidewall) 
with a horizontal distance of about 30mm from the wheel surface. Moving the probe 
closer brought the dye into cross-flows from wheel rotation adversely affecting the 
trace. A halogen single point light source provided sufficient illumination and images 
were collected using a standard 3 mega-pixel still camera, a1 mega-pixel PAL video 
camera and also a high resolution 2000 x 1280 pixel LaVision camera and image 
processor. 
3.7.2 Flow Visualisation in Air 
A visualisation experiment using smoke particles was carried out in the wind tunnel 
in an attempt to identify and record unsteady features in the wake of the wheel 
model. A Dantec Nanosense 2kHz high speed camera was used in conjunction with 
a light sheet produced by a continuous beam 5W Spectra-Physics Argon-Ion Laser. 
Further details of the experiment can be found in appendix B. 2. 
3.8 Wheel Drag Experiment 
By measuring the drag coefficient of the model wheel over a range of Reynolds num- 
bers in the wind tunnel with an experiment that correctly simulates the boundary 
conditions applicable to a racing car wheel, some insight is gained into the differences 
in flow characteristics at different speeds. As the maximum speed of testing in water 
tunnel PIV experiments had been established (see appendix A. 1), it was important to 
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ensure that the flow regime was not substantially different when operating at higher 
Reynolds numbers, such as would be the case for a full size racing car wheel in real 
operating conditions. 
An experiment was carried out in the Honda wind tunnel to measure drag on a front 
and rear 40% scale isolated racing wheel over a range of air speeds. The wheels were 
supported on a wishbone from a fixing at the side of the tunnel with the drag force 
transducer mounted in the axle, close to the wheel hub (see Figure 3.21). The wheel 
was in contact with a rolling road which was set to run at the air velocity. The 
two perforated plate suctions ahead of the belt were used to draw off the boundary 
layer. The speed of the tunnel was controlled using a Pitot static probe connected 
to a pressure transducer and mounted at the same spatial location in a plane of 
symmetry about the rolling road centre-line (see Figure 3.22). This was felt to be far 
enough away from wheel airflow disturbances, but representative of the true tunnel 
pressure at the wheel location. Tunnel control software compensated for changes in 
air temperature and barometric pressure via sensors mounted in the wind tunnel. 
WISHBONE SIDE I BRAKE DISK SIDE 
Wishbone with 
drag transducer 
virtual car position 
Figure 3.21: Wheel with wishbone location relative to the virtual location of the 
rest of the car 
Further details of the experiment can be found in appendix B. 3. 
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(a) Installation (b) Wheel with hubcaps 
Figure 3.22: 40% Scale front wheel mounted in the Honda wind tunnel 
3.9 Hot-Wire Measurements 
The focus of these experiments carried out in the wind tunnel, was to investigate 
unsteady features of the wheel model's local flow field. Previous PIV experiments 
obtained during this research using ensemble time averaging, revealed coherent vortex 
structures at the shoulder and base regions of the wheel wake. In the instantaneous 
fields these vortices are patchy and ill-defined with localised peak vorticity consider- 
ably higher than those obtained after averaging. This suggests wake unsteadiness, 
with the averaging process smearing and thus reducing peak vorticity. To measure 
these fluctuations, a hot-wire anemometry experiment was carried out in which time 
series data were obtained and from which the spectral response, correlation and co- 
herence were derived. The tyre contact patch (CP) was adjusted to be the same size 
as that used in small contact patch configurations carried out during water tunnel 
PIV experiments. The wheel under investigation was mounted with no yaw or cam- 
ber and the model assembly was the same as that described for the flow visualisation 
study in air. 
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3.9.1 The Experiment 
Initially a single hot-wire probe and later an assembly holding two single hot-wire 
probes was mounted to a 4-axis tunnel traverse and connected via a Dantec MiniCTA 
anemometer with a bandwidth of 10kHz and National Instruments USB-6009 data ac- 
quisition card. Sampling rates were set to 2kHz with the signal from the anemometer 
passing through a IkHz analogue low-pass filter. Records contained typically 320,000 
samples to allow suitable time history, but shorter diagnostic runs containing 32,000 
samples were also obtained. For the longer sampling times, data collection took just 
under :3 Iiiiniites. 
(a) Rear view (b) Wheel and probe 
Figure 3.23: Wheel and hot-wire probe in the Honda wind tunnel 
A program was written by the author using Visual Basic NET. This performed 
the functions of controlling the movement of the traverse and hot-wire probe, data 
acquisition via a 50kHz four channel National Instruments ADC and data reduction 
and analysis routines. The results were output to an Excel template file containing 
pre-defined graphs for rapid interpretation and visualisation of the data. Teeplot files 
were also written by the program for more refined post processing operations. 
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3.10 The Post Processing and Data Analysis Rou- 
tines 
3.10.1 PIV Data Analysis 
For PIV experiments in water and air similar initial post processing steps were taken 
to obtain the vector field using a selection of routines built into the proprietary PIV 
analysis software, Flowmanager. Final processing tasks were then carried out on 
data sets exported from Flowmanger to obtain quantities such as the vorticity field, 
circulation and identification of the position of vortical structures. However, because 
of the different frame of reference between the water tunnel and wind tunnel, it 
was necessary to develop different data handling software. To carry out the routine 
data sorting and manipulation operations programs were written by the author using 
Visual Basic NET. These accepted data files from the Flowmanager software and, 
depending on whether the water tunnel or wind tunnel was used, sorted the data 
into files containing instantaneous and time-averaged vector fields of all the acquired 
planes. In addition, the software carried out tasks such as correctly scaling and 
normalizing the data based on the diameter of the wheel and the free stream, removing 
parallax errors and applying masks. 
A summary of the processing steps following the acquisition of the images is shown 
below; 
Carried out by Flowmanager: 
" Subtract the static background; For each image, subtract the mean of the 
total number of images obtained. This process generally improved the cor- 
relation where the images contained static reflections and other non-particle 
artifacts. However reflections from the rotating model were sometimes accen- 
tuated with this process, due to the removal of a smeared mean image from an 
instantaneous image. 
" Perform adaptive cross-correlation; This is particularly useful for this type 
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of bluff body wake study due to the increase in dynamic range over standard 
correlation allowing a wider range of small to large flow features. This itera- 
tive process effectively increasingly shifts the interrogation window around the 
fixed chosen window to resolve particles that may have passed out of the fixed 
window. 
" Perform vector length validation; If resolved vectors are far greater in 
length than the fastest possible flow feature, then they are considered erroneous 
and discounted. 
" Perform data smoothing through averaging; Generally, a 3x3 grid was 
found to be suitable for applying an averaged vector. This was small enough 
not to filter genuine small scale flow features, but large enough to remove noise. 
Carried out by custom written routines; 
" Obtain the time ensemble-average of the instantaneous data sets; All 
data obtained at one plane was sorted de-interleaved and ensemble-averaged. 
" Parallax error removal; Remove the main error relating to PIV, described 
in section 3.10.5 
" Apply masking; In many of the images the model, or part of the model, was 
visible. By masking these areas the location of the model is clearly defined and 
removes erroneous correlation in areas of the image that are not viewing the 
flow. 
. Scale, non-dimensionalise and calculate common quantities; such as 
vorticity and circulation. These techniques are discussed in forthcoming sec- 
tions. 
The result of these operations is the production of a matrix of data points with a 
resolution grid spacing equal to the interrogation cell size of 32x32 pixels. The most 
important information stored in this matrix is the two velocity components in the 2-D 
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field of view; so in the case of X-plane, cross-flow data, V and W. Vector plots are 
a useful tool for visualizing the flow field and produced by calculating the resultant 
magnitude vector from the 2 velocity components. 
3.10.2 Vorticity and Circulation Calculations 
Further understanding of the more complex features in the flow can be gathered by 
performing additional processing to obtain the vorticity distribution and circulation. 
Vorticity 
Vorticity can be described as twice the local angular rate of rotation in a fluid. The 
calculation of vorticity at an interrogation grid point is a vector defined as the `curl' 
of velocity; w=Vxv, and there are 3 vorticity components for a 3-D flow field. The 
most widely used component in this research relates to vorticity in the X-plane; (V 
and W velocity components) giving rise to stream-wise vorticity from 
äwöv 
5y - az 
(3.3) 
Various numerical techniques (Raffel, Willert, & Kompenhans 1998) can be used to 
calculate vorticity; many employ differentiation, such as least squares, centered dif- 
ference and the Richardson technique, the latter developed to minimise truncation 
errors. An integral technique was used throughout this research to calculate vortic- 
ity, known as the Circulation method. Due to the inherent noise associated with a 
turbulent wheel wake, much of the vorticity generated by the wheel is patchy and 
unstable in nature and an integration technique reduces the noise whereas differen- 
tiation techniques tend to accentuate the noise. The circulation method uses the 




Stokes theorem, above, can therefore be applied to the discrete 2-D cross-flow vector 
field from 
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Sz, j _ 
bra,, 
=A 
ý(YZý(V, W) " dl. (3.5) 
Where Saj is the average vorticity within an enclosed area and 1(Y, Z) are the discrete 
points defining the closed path of integration. 
In practice, only four discrete points are required to perform this calculation, but 
this would produce a new, displaced grid which complicates the handling of vorticity. 
A common method is to use a two grid point wide square (see Figure 3.24) around 
which circulation is calculated by integrating using a standard technique, such as the 
trapezoidal rule and then dividing by the enclosed area to give average vorticity. This 
has a beneficial smoothing effect on the data. The result is non-dimensionalised by 
the wheel diameter, D divided by the free stream velocity U,, 
ri, j "D S= 
40X DY " 
(3.6) 
Where, for cross-flow 
rs, j = 20X 
(V-1, j-1 + 2Vj-i + V+1, j-i) 
+20Y(Wi+i,, -l + 
2Wi+i,; + Wi+1, j+i) 
-20X(V+1, j+1 + 2V, j+i + V-1, j+l) 
-'i Y(Wä-i, j+i + 2Wti-i, 1 + Wi-i, j-i)" 
(3.7) 
Circulation 
From equations 3.4 and 3.5 circulation can be derived in two ways; either by summing 
the circumferential velocity around a closed path-line surrounding a vortex, or by 
integrating the total vorticity within an area. For much of the isolated wheel studies 
the patchy nature of the vorticity in the wake meant that the latter method was more 
suitable. However for data that contained coherent and well defined vortex structures, 
the former method could be satisfactorily used to evaluate the characteristics of the 
vortex. 
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Figure 3.24: Circulation calculation at point i, j for estimating vorticity 
In the discrete data field of pre-calculated vorticity, a square, user-defined area is 
chosen to define the boundaries of the circulation calculation. This would typically 
contain the vortex of interest. The circulation strength is then calculated by adding 
up the discrete vorticity values at each grid point divided by the local area for which 
they represent (ie; the distance between grid pointed squared). A lower vorticity 
threshold is used to define the vortex boundary. No sub-grid interpolation is done at 
the vortex edges because, on the assumption that the complete vortex is bounded, 
the vorticity at the edge will be low and not contribute significantly to the overall 
circulation. 
This boundary based scheme, is subject to error if the vortex moves towards the 
edge of the bounded region. However alternatives such as vortex tracking based on 
peak vorticity present their own difficulties in this typically very turbulent wake, 
when vortices merge or where the centre of the vortex is not clearly defined due to 
smearing. 
Vorticity and Circulation Algorithm Testing 
To test the algorithms used to process the PIV data, a theoretical Lamb-Oseen vortex 
was numerically generated as shown in Figure 3.25. This 2-D time dependent viscous 
vortex has the following distribution 







































Figure 3.25: Processed output frone artificial Lamb-Oseeu data 
By pre-defining the grid points to be the same spacing as the PIV data, a circula- 
tion of -0.5m2/s and diffusion time, t= 5s, the azimuthal time-dependent velocity 
distribution can be calculated from 
Ur, t - 
(27rr) [1 - e( avc 
) i (3.9) 
Including all vorticity greater than S=1, the circulation calculation based on ar- 
tificially generated data was within 0.2% of the numerically specified value. Raffel, 
Willert, & Kompenhans (1998) give a comprehensive overview and testing of the 
most commonly used vorticity schemes. 
3.10.3 Presentation of PIV Results 
In this thesis, vector plots are displayed using scaled arrows and each vector is non- 
dimensionalised by dividing the vector magnitude by the free stream (U... ). The 
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reference vector length based on the free stream velocity is shown on these plots by 
way of a reference arrow. In many cases, vectors are plotted with other quantities 
such as vorticity. Each arrow represents one interrogation cell but in some plots, 
fine detail of the flow velocity is not required, therefore every other vector is plotted. 
Quantities such as vorticity and in some cases velocity, are plotted by way of coloured 
contours of a suitable non-dimensionalised graduated range for each plot. To aid 
clarity, throughout the results most of the vorticity contour plots omit low levels of 
vorticity. 
3.10.4 Hot-Wire Data Analysis 
The hot-wire analysis was based on an investigation of the unsteady nature of the 
wheel model wake. Results from PIV data had offered information that suggested 
substantial wake unsteadiness by way of the observed smearing of vortical structures 
originating from the model. Due to the 15Hz maximum frequency of the PIV system, 
it was not possible to obtain time resolved data that would offer a satisfactory insight 
into the unsteadiness of the wake. 
Software was written by the author to move the traverse with probe assembly to 
the required interrogation point, collect the data from the anemometer, apply the 
relevant calibrations and to analyse the data. It was essential to be able to perform 
some basic analysis as soon as the experiment finished, and to achieve this, the 
program wrote the data to an Excel template with pre-defined routines and plots. 
Calibration was carried out by running the tunnel through a range of air speeds and 
obtaining the mean of the data record at each speed. A 4th-order polynomial fit 
was applied to the non-linear calibration curve which provided satisfactory accuracy 
of within 1% of the actual velocity. The hot-wire system is based on a constant 
temperature anemometer principle, so changes in the ambient air temperature will 
have a substantial effect on the output. To compensate for this, a temperature 
correction is applied to the acquired signal, Ee from the known values of the wire 
temperature, Tv the calibration temperature, To and the temperature monitored 
during acquisition, Ta,. The correction is therefore 
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Tu, T 
E, * = 
o]o's 
" E9. (3.10) [Z, 
w-T0 
The 4th order temperature corrected transfer function is therefore 




Before undertaking hot-wire measurements in the wake of the wheel model, the tur- 
bulence intensity of the empty wind tunnel was measured. By sampling the hot-wire, 
mounted at the position where the model would be mounted in the empty wind tun- 
nel, the standard deviation or RMS of the signal fluctuations, S,, was obtained. By 
dividing this by the free stream velocity, U,,. the turbulence intensity, I. can be found 
and is usually expressed as a percentage. The experiment was repeated a number of 
times for a number of strategic probe locations in the vicinity of the model mounting 
point. Further details of this procedure and probe positioning can be found in chap- 
ter 7. By performing a Fast Fourier Transform (FFT) on the time series data, useful 
spectral information can be obtained. 
Power Spectral Density 
The power spectral density (PSD), describes how the power of a signal is distributed 
with frequency. If F8 is the Fourier transform of the signal fx, then the one-sided 
power spectrum, P. is defined as 
Ps=2If, 12. (3.12) 
Useful information is obtained regarding the range of frequencies present in different 
positions in the wake. 
Correlation 
Instabilities at a single location in the wheel model wake may be linked to a gross 
instability or fluctuation of a large part of the flow field. By introducing a second hot- 
wire probe mounted symmetrically about the X-axis model centre-line, and collecting 
data from both channels at the same time, correlation techniques can be applied to 
Page 145 
CHAPTER 3. EXPERIMENTAL METHODS AND DATA PROCESSING 
establish the relationship (if any) between the fluctuations. Correlation provides a 
measure of this in the normalised range of -1 to +1, where -1 or +1 indicate perfect 
correlation (anti-phase signal, in-phase signals respectively) and increasingly random 
uncorrelated values tending toward 0. Correlation was estimated from the sampled 




(xi - x)(yi - (3.13) r(xý 2J) - [Zi=1(xi - x)2 E =1(yi - 
p)2]1 . 
For which a single correlation coefficient, r is produced 
En 
r_ý, _1 




1 yi - 
Ny2)}12 . 
i= 1 i= 
Cross Correlation 
If cross correlation by convolution is carried out, it is possible to obtain information 
about the degree of correlation over a range of time delays between the two signals. 
This yields information about the phase angle between correlated instabilities at 
particular frequencies. By choosing a range of time delays that covers all suspected 
frequencies in the data, a small convoluted subset of the data can be displayed and 
analysed. If d is the delay and usually 11f, where f8 is the sampling frequency, then 
r(d) _ 
Ei[(x(i) - mx)(y(i - d) - my)] (3.15) 
E: t(x(i) - mx)2 (y (i - d) - my)2. 
Cross Spectral Analysis 
The Fourier transform of the cross correlation function between the pair of hot-wire 
signals gives the cross power density (CSD) spectrum and from this, coherence, -y and 
phase can be calculated. Coherence can be described as the cross spectral density of 
two signals normalised by the product of each signal's auto spectral density. Perfect 
coherence gives an output of 1, no coherence will be 0 or close to 0. If G., y is the 
frequency domain cross correlation of two hot-wire signals, and G., x, Gyp are the 
respective auto correlations of each signal then the coherence is defined as 
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2y(. f) _ 
'Gxyj2 (3.16) 
GXXGyy 
To obtain meaningful coherence data from the hot-wire signals, more than one mea- 
surement must be averaged. A single data set will, by default produce a coherence of 
1. To achieve this, the hot-wire data records containing 320,000 points were typically 
split into 16 sub-records which were enough points to achieve sufficient frequency 
resolution and enough records to be averaged for the application of the coherence 
function. 
The routines, above were incorporated into the main Visual Basic NET analysis 
program. 
3.10.5 Sources of Error 
PIV Errors 
One of the main sources of error in 2-D PIV measurements is parallax. When X-plane 
measurements of cross-flow are taken, in a fixed frame of reference, the free stream 
velocity component U,,. is perpendicular to the interrogation frame. This error is 
seen as an `apparent' velocity in cross-flow components, V and W which effectively 
become Va = U,,,, tanO and Wa = U,,,, tanO and increases toward the edge of the 
interrogation plane as the angle between the camera's normal axis and the point on 
the plane increases. Moving the camera further away from the interrogation plane 
will reduce the parallax error, but this parameter is fixed by the required field of 
view. 
Figure 3.26 shows diagrammatically the apparent velocity vector V as the particle, 
solely with velocity in the X direction, passes through the light sheet. The error in 
vectors V and W are calculated from equation 3.17 and become Va and Wa. r is the 
distance in planes Y or Z. 
Va, Wa = 
UL. r (3.17) 
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Figure 3.26: Parallax error due to off-axis alignment 
In the wind tunnel PIV experiments, the parallax error was observed and recorded 
by removing all models form the tunnel and collecting ensemble-averaged PIV data 
based on 160 instantaneous data sets (the same recording parameters and processing 
steps as the experiments with models). Whilst it would be possible to subtract this 
`empty tunnel' data from all data sets to remove the parallax error, this has the un- 
wanted side effect of doubling the noise in the data. The parallax error was therefore 
removed during post processing by subtracting a data set based on a mathematical 
approximation of the error. 
Figure 3.27 shows the experimental, empty tunnel cross-flow data, the theoretical data 
and the result after subtraction. The error of nearly 11% of U,, is reduced to less 
than 4% at the extremities of the image plane and it must also be remembered that 
this error is zero on the camera axis. The remaining error is due to the alignment 
of the pair of CCDs within the camera and the lens as well as a small amount of 
experimental alignment errors (estimated to contribute in the region of 1% or less) 
The parallax error was harder to correct for when the PIV experiments were carried 
out in water as the model then moved through stationary fluid. The components of 
velocity in the direction of the camera optical axis which cause the error were thus 
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a consequence of the wheel's motion and varied considerably. Because the camera 
was at a greater distance downstream of the model and most of the flow features 
of interest were grouped toward the centre of the field of view where the error is 
small, it was decided not to subtract any parallax correction. PIV data obtained in 
the Y and Z-plane were also subject to this error, but because of the comparatively 
large imposed free stream component added to convert the data to the fixed frame 
of reference, the error was again not removed. 
Other PIV Errors 
Other possible sources of error in PIV measurements come from various points in the 
analysis chain; for example, errors in the physical experiment, such as possible ofd axis 
alignment of the camera to the light sheet, measurement of distances between CCD 
and light sheet right through to errors inherent in the methods of data processing 
and evaluation. By breaking down the total collection of errors into; 
Systematic errors; due to the inherent error in PIV estimation, such as the statis- 
tical cross-correlation estimation, possible inadequate choice of interrogation cell size 
or a poor local signal to noise ratio in the correlation. 
Residual errors; due to fixed errors within the physical experiment. 
(Raffel, Willert, & Kompenhans 1998) suggested that in practice, these errors could 
be grouped as a bias error, -bi,,, added to a measurement uncertainty error, Erms 
giving 
Etot = Ebias + Erms " 
(3.18 
The residual errors give rise to a bias error, and the uncertainty error is represented by 
the rms error. In this research, the 3-dimensional turbulent flow field itself gives rise 
to errors that can be grouped under the rms error, such as the possibility of rapid 
out of plane flow causing a local drop-out in the correlation. This is a particular 
problem with cross-flow interrogation, due to the high mean flow velocity normal 
to the light sheet. Also rapidly rotating vortex cores can lead to far fewer particles 
being available for successful correlation within a particular interrogation cell. This 
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leads to signal drop out as the lower signal-to-noise ratio reduces the chances of 
accurate velocity estimation observed as a reduction of the height of the correlation 
peak. This means that is it difficult to obtain accurate peak vorticity levels from 
the processed data. Another problem is associated with the rapid fluctuations in the 
wake. Instantaneously, this results in patches of high vorticity, but time-averaged 
data will result in reduced peak vorticity due to the smearing effect of the spatially 
unsteady structures. Thus results of two time-averaged vortex structures may show 
one to be weaker than the other, but in fact, one may be subject to greater fluctuations 
and therefore more smeared. 
The total combined error in these PIV experiments, would be of the order of 1.5 to 
2% in the centre of the field of view, dropping to about 4% at the edges of the field 
of view for instantaneous data. In general, it is recognised that whilst PIV is an 
excellent whole field visualisation technique, absolute point wise measurements from 
the PIV data field may be subject to larger combined measurement errors than other 
techniques, such as LDA. 
Other Experimental Error 
There are a number of other sources of error that relate to other experiments that 
were carried out, such as hot-wire measurements and drag force measurements. The 
main contributors are; 
Thermal Errors; The wheel drag force transducers are susceptible to thermal gradient 
errors due to the free stream air acting on one side of the device. The load cells 
were constructed with temperature compensation over the range 15°C to 40°C but 
it was important to seal the sensing element from the flow to minimise the error due 
to thermal gradients. In the case of hot-wire measurements, a rise in wind tunnel 
air temperature during an experiment meant that it was important to monitor this 
variable so that calibration compensation could be made. However, the calibrated 
velocity variable was not as important as the frequency of the signal for the study of 
fluctuations in the wake. 
Quantization and ADC Noise Errors 
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The quantization error is 1/2 of the least significant bit (LSB) of the 16 bit data 
acquisition system. This is insignificant as it was generally possible to resolve only 
12 of the 16 bits due to internally generated computer system bus noise and other 
electronic or electromagnetic noise sources. With signals in the range -5 to 5V this 
means voltages are resolved to ±1.22x10-3V i. e. ±0.02% 
Anti-Aliasing 
Aliasing refers to distortion that occurs when a continuous time signal has frequen- 
cies larger than half the ADC sample rate. The process of aliasing describes the 
phenomenon in which components of the signal at high frequencies are mistaken for 
components at lower frequencies. The Nyquist sampling theorem states that to avoid 
aliasing occurring in the sampling of a signal the sampling rate should be greater than 
or equal to twice the highest frequency present in the signal. This is referred to as 
the Nyquist sampling rate. Aliasing was only a potential problem when sampling dy- 
namic data from the hot-wire anemometer and by sampling at 2kHz, the frequencies 
of interest in the range 0 to 200Hz were 10 times lower than the sample rate. 
Therefore, it was estimated that, for the drag measurements, the total combined 
error was better than 0.5% and for the hot-wire measurements, total errors were 
better than 1%. 
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Drag Measurements and Reynolds 
Number Effects 
As previously discussed the use of water instead of air as a medium for aerodynamic 
experimentation has a number of important advantages. The lower kinematic vis- 
cosity of water, permits experiments to be carried out on a particular model at a 
lower speed for a given Reynolds number. For specific experimentation relating to 
the flow around isolated wheels, the glass water tunnel also offers the possibility of 
using non-invasive PIV techniques to interrogate the flow field close to the surface 
of the wheel and in particular, within the front and rear gaps between the wheel 
tread and the road surface close to the contact patch. The glass road of the water 
tank permits data to be obtained as if looking upward, observing the wheel's move- 
ment from underneath the road. This would not be possible using a wind tunnel 
with a conventional rolling road. This technique and the data obtained, provides a 
new insight into the flow physics of a region that has presented difficulties for both 
experimental and computational researchers. 
CHAPTER 4. DRAG MEASUREMENTS AND REYNOLDS NUMBER 
EFFECTS 
4.1 Reynolds Number Effects 
The maximum practical Reynolds number that can be achieved in the channel is 
determined by the acceptable level of water disturbance generated by the moving 
wheel model and associated carriage mounted support system. Although steps were 
taken to minimise these effects a maximum speed of 1.875ms-1 was used which was 
found to be a compromise between the need to obtain high quality data and the wish 
to run at as high a Reynolds number as possible. The maximum speed of operation 
in the water tunnel yielded Reynolds numbers of 4.7x105 based on the diameter of 
the wheel model. This is similar to Reynolds numbers attained in the wind tunnel 
experiments carried out in this research and to experiments from other wind tunnel 
based isolated wheel studies such as Fackrell (1973). 
It is important to appreciate the significance of possible Reynolds number effects for 
these experiments in water given that the operational value falls within a range of 
between 1x105 and 1x106 which has been shown, in the case of 2-D circular cylinders 
(Morkovin (1969) and Hoerner (1965)), to exhibit a rapid drag reduction. The same 
behaviour has also been observed from experimental research on stationary isolated 
wheels by Cogotti (1983). Whilst he recommended that all experimental work on 
wheels should be carried out at or above Re=1x106 due to the critical Reynolds 
number effect, there has been little published data on drag variation with Reynolds 
number for the specific case of a modern racing car wheel in rolling ground contact. 
This information is necessary to ensure that tests carried out on wheel models in the 
water tunnel and the wind tunnel are representative of full scale conditions. 
4.1.1 Drag Measurements in the Honda Tunnel 
To quantify these effects, an experiment was carried out in the Honda wind tunnel 
using solid 40% isolated racing wheels and a moving ground plane to ensure the correct 
boundary conditions. Measurements of drag were recorded over a range of Reynolds 
numbers. Two similar shaped racing car wheel models were used, differing only in 
their Aspect Ratio; a front wheel (AR=0.46) and a rear wheel (AR=0.61). Due to 
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the difficulties associated with measuring lift on a rotating wheel in contact with a 
moving belt system, no measurements of this component were made. Stationary wheel 
experiments were also conducted along with experiments involving minor changes to 
the geometry of the wheel in the form of hub cavity sealing in order to establish the 
impact of this on wheel drag. 
A `hubcaps on' configuration consisted of a pair of flat discs mounted flush to the 
outside face of the wheel hub cavity. This information would prove useful when 
analysing PIV results in areas close to the wheel hub cavity. The experiments were 
carried out over a speed range of 7.5 to 38 ms-1 corresponding to a Reynolds number 
range of 1.3x105 to 6.7x105 based on wheel diameter. All drag results are presented as 
coefficients based on the frontal profile area of the wheel, in-line with those presented 
by Fackrell (1973). Comparisons of drag coefficient for a variety of configurations are 
made based on data from experiments at a Reynolds number of 5x105. Experimental 
repeatability was around 0.1%. 
Results based on a stationary wheel by Cogotti (1983), showing a 12% reduction of 
drag over this Reynolds number range, are plotted in Figure 4.1 (marked `C'). Also 
shown are typical data from a 2-D circular cylinder with a much more significant 
drop in drag (marked as `D'). The experimental configuration most similar to the 2- 
D circular cylinder experiment is the stationary isolated front wheel mounted in the 
free stream (marked `B') where a more pronounced dip in drag was noted at around 
Re=4.7x105 with an overall drop of 33% over the Reynolds number range. Whilst 
this was the largest Reynolds number related drag reduction recorded during these 
experiments, the level stabilises at a constant supercritical value that is significantly 
less than that from 2-D circular cylinder data. With an AR=0.46 wheel, flow around 
the sides into the base region may raise base pressure resulting in less overall drag. 
Results from a stationary 40% isolated rear wheel (marked `A' in Figure 4.1) also 
show a gradual drop in drag over the tested range of 17% but are also 17% higher than 
the results of Cogotti at the highest Reynolds number. Comparison in absolute terms 
between the data of Cogotti and these results is probably not meaningful due to the 
dissimilarities between the geometry of modern model racing wheels and Cogotti's 
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Figure 4.1: Drag measurements by Cogotti from a stationary wheel, together 
with 2-D cylinder results and data from these experiments on a 40% Isolated 
racing car front wheel 
wheel with a low aspect ratio of AR=0.28 and based on a road car model with what 
appeared to be a non-permeable hub within a shallow hub cavity. 
The most significant observation with regard to Figure 4.1, is the comparatively small 
Reynolds related drag reduction for the stationary wheel over this range compared 
with typical 2-D circular cylinder data. Also note the apparent trend toward steady 
state at Reynolds numbers above about 4.5x105 for all experiments. 3-D effects due 
to the aspect ratio of the wheels, such as the influence of the local sidewall flow field 
and the effect on the wheel wake, is the biggest factor giving rise to the differences 
with 2-D data. The action of rotation contributes to reducing the Reynolds number 
effect as shown by rotating front wheel data plotted in Figure 4.2, by a smaller drop 
in drag over the Reynolds number range. 
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Figure 4.2: Drag measurements on 40% Isolated Front Wheel in the Honda wind 
tunnel 
Figure 4.2 shows comparisons for the front wheel drag for stationary and rotating 
wheels and for the hubs on and hubs off conditions. Over the experimental Reynolds 
number range stationary and rotating cases show a reduction of drag, but is less 
significant in the rotating cases of Figure 4.2 `A' and 'C'. The supercritical range, 
where drag values level out, starts a little above Re=4x105. This seemed consistent 
across experiments and unaffected by rotation and hub sealing. The characteristic 
sharp drop in drag and 'trough' seen at the end of the critical range in experiments 
on 2-D cylinders in literature such as Hoerner (1965) and shown in Figure 4.1 `D', 
was not apparent. In the experiment with a rotating, hubs off wheel (marked `A' in 
Figure 2) a small dip at Re=4.2x105 is visible, but the exact cause of this is unknown. 
The addition of hubcaps, sealing the wheel cavity, has little effect on drag of the 
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stationary wheels, as shown by the similar data of `B' and `D' in Figure 4.2. However 
when the wheel is rotating a 24% reduction of drag is apparent (comparing curve `A' 
with `C'). A possible explanation for this might be that for a stationary wheel the 
flow is predominantly separated from the sides of the wheel with separation taking 
place around the edge of the tyre, but that the action of rotation helps to keep the 
flow fully attached, or it undergoes re-attachment to some areas of the side faces of 
the wheel. With hubcaps on, this attached flow may contribute to a narrower wake 
lowering overall drag. 
Comparing front wheel data (AR=0.46) with rear wheel (AR=0.61) for rotating cases 
in Figure 4.3, a comparatively small drop in Reynolds number, on average about 7% 
was noted over the measured range. With no hubcaps, the drag coefficient of the front 
and rear wheels was nearly the same with CD = 0.63. When hubcaps were added 
drag dropped to CD = 0.48 and CD = 0.51 for front and rear wheels respectively. 
The vertical red line at Re=4.75x105 on the drag coefficient graphs is the maximum 
Reynolds number obtained during experiments in the water tunnel. Whilst the great- 
est change in terms of drag drop for a 2-D cylinder takes place after this line, the 
opposite is true for all the wheel configurations tested, especially those for rotating 
wheels, with near constant drag results at Reynolds numbers above the red line. 
Whilst these experiments indicate that small Reynolds effects are apparent at the 
target water tunnel operating point, both front and rear wheel models had a very 
smooth (and slick) rolling surface. This was undoubtedly smoother than the treaded 
tyre used by Cogotti (1983) and would suggest that transition to turbulent flow might 
be expected to happen at a higher Re compared with that from a treaded (rougher) 
surface. However there is no clear indication from comparisons between these data 
and Cogotti's that this is the case. This is an important point, as the roughness of 
F1 wheels can vary depending on the track conditions and the tread pattern and size 
in use. 
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U 
Rotating front (AR=0.46) - hubs on 
  Rotating front (AR=0.46) - no hubs 
f Rotating rear (AR=0.61) - hubs on 
" Rotating rear (AR=0.61) - no hubs 
Re (106) 
Figure 4.3: Drag measurements on 40% Isolated, rotating front wheel (AR=0.46) 
and rotating rear wheel (AR=0.61) 
4.2 The Effect of Wheel Hub Cavity on Drag 
As shown by the above results, sealing the hub cavity with flat discs has a significant 
effect on the overall wheel drag. To investigate this in more detail, similar experiments 
were carried out using the 40% isolated rotating rear wheel. The huh area of this 
model consisted of a cavity on each side of the hub with a central spoked geometry 
allowing air to pass from one side to the other. Results from the following simple 
sealing arrangements were obtained; 
9 No Hubcaps 
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" Brake disc hubcap (a single hubcap sealing the brake disc side hub cavity. 
The support axle attaches to the wheel on this side) 
" Outer rim hubcap (a single hubcap sealing the outer face hub cavity) 
" Spokes blocked (Flat discs placed against the spokes, blocking the flow of air 
through the hub, but retaining cavities on both sides) 
The results are summarised in table 4.1 and displayed graphically in Figure 4.4. 
Comparisons are made between these data and the results from Fackrell's B2 wheel 
which was based on the same aspect ratio and had a similar tyre profile and slick, 
solid tread. An average drag coefficient value from other researchers work is also 
shown for comparison purposes. 
The most significant differences between Fackrell's wheel and the wheel tested in this 
report was the design of the central hub. (Small differences also are present in the 
wheel support mechanisms) Due to the pressure measuring electronics in the central 
region of the Fackrell wheel, the hub was solid and relatively smooth compared to the 
spoked permeable design of the wheel used here, but the cavities were of comparable 
size. 
Experiment CD 
No Hubcaps 0.63 
Hubcaps on 0.51 
Brake disc hubcap 0.54 
Outer rim hubcap 0.54 
Spokes blocked 0.59 
Fackrell's B2 wheel AR=0.61 0.58 
Other research based on representative racing wheels 0.60 
Table 4.1: Summary drag coefficients for a 40% rotating wheel using different 
hub sealing arrangements 
The results again demonstrate the significant drop in drag of 19% obtained by seal- 
ing both sides of the hub cavity. As would be expected, the same drag results were 
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Figure 4.4: Drag coefficients based on a number of differing hubcap sealing 
arrangements using a 40% isolated, rotating rear wheel at Re=5x105 
obtained for sealing the left or right side of the wheel (brake disc or outer hubcaps) 
respectively, but for each of these single sided sealing configurations, still a consider- 
able 14% drag coefficient reduction was noted over the unsealed wheel. This was more 
than half of the difference between the hubcaps on and off configurations. Sealing the 
spokes, but retaining the cavities resulted in a 6.3% drag drop so clearly the spokes 
themselves or the ability of the air to pass between each side of the central hub within 
the cavity have a significant influence on the overall wheel drag. This could be due 
to high turbulence generated within the wheel hub by the rotation of the spokes, as 
observed by Waskett (1992) during research on road vehicle hub cavity flows. This 
could have an influence on the shear layer and flow field at the outer edge of each side 
of the hub cavity. This faired spoked configuration was probably the most similar to 
the Fackrell wheel which was based on a solid central hub region and showed very 
similar drag coefficient results (0.58 (Fackrell) and 0.59 (spokes blocked)). 
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Chapter 5 
Fundamental Flows Associated 
With An Isolated Wheel 
This chapter focuses on fundamental flows at specific locations around the isolated ro- 
tating racing wheel and features results obtained predominantly during water tunnel 
experiments using a range of wheel models. Flow visualisation experiments at lower 
Reynolds numbers using dye were initially carried out using a representative isolated 
racing wheel model to obtain an indication of where some of the key flow features 
lay. A PIV study of these features using sharp-edged cylinders with aspect ratios of 
AR = 0.38 and AR = 0.54 was then carried out in an attempt to gain insight into 
the significant flow structures associated with this fundamental and highly simplified 
wheel shape. The most representative models with respect to actual racing wheels 
are based on pneumatic tyres and the influence that the lower tyre wall and contact 
patch size and shape has on the flow field. Further PIV studies were conducted using 
representative isolated racing wheels rotating in-line with the free stream with solid 
tyres and pneumatic tyres of varying contact patch size. A limited study was also 
carried out to investigate the influence of the hub cavity. 
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5.1 Identifying the Key Flow Features - Dye Flow 
Visualisation 
Initial flow visualisation studies were carried out in the water tunnel using Fluores- 
cein dye injected into the flow just ahead of the wheel. The dye release tubes were 
supported by a vertical traverse attached to the carriage. With this arrangement 
it was possible to direct the dye traces to different horizontal cross-sections of the 
wheel. Three camera viewing angles were used to record the flow field based on the 
configuration in table 5.1 below; 
Dimension Reference Configuration 
X-plane (axis Y-Z) Camera mounted at the end of the water tunnel 
observing the wheel moving upstream, away from 
the camera. 
Y-plane (axis X-Z) Camera mounted on the carriage, moving with the 
wheel and observing the wheel from the side. 
Z-plane (axis X-Y) Camera mounted on the carriage, moving with the 
wheel and observing the wheel as if looking up- 
ward, from underneath the road surface. 
Table 5.1: Field of view axis convention for dye based flow visualisation 
For observational positions in the Y and Z-plane, the camera was attached to the 
carriage via a support framework moving with the model and, therefore, a fixed 
frame of reference relative to the wheel was achieved. The model used was a solid 
isolated 33% model wheel with a soft 1mm neoprene tread coating to provide good 
wheel to road contact and seal. 
Still images and video footage were recorded from the three observational positions 
corresponding to the X, Y and Z-plane and a LaVision high resolution, high frame 
rate camera was used in the X-plane to acquire more detailed pictures of the wheel 
wake. 
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5.1.1 Observations in the Z-plane 
As the surface on which the wheel rolled was glass (the will of the tank), clear 
observations of the contact patch area from ºuiderneatlº the road were obtained. At 
Z-planes close to the horizontal wheel (eiltreliiie. or Z/D = 0.5, the tracer remained 
close t ºº the wheel profile as it passed around t lie iliodel (see Figure ßi. 1 n1). 
At a vertical probe height of l0iiini, or Z/D = 0.05, ah ove the road surface t lie A'II('( t 
of the jetting flow oil the tracer, alieacl of the contact patch ('. in he oh'served. This 
produced a wider lateral divergence of the tracer wlieii ('011111 m-ed to rc'k'z15(' p(>i. iut n aat 
ýýýrtit'al }mtiili() uti Hee I'i in'r 
Figure 5.1: (a) Left finilie: (Ive rvlt a ecI ;o Z//1) (») Hihlit, fr<uiie: (ly e 
released at Z/D = 0.05 or 10iniii al)ove ground 
5.1.2 Observations in the X-plane 
Two experimental conditions WV1(' r('("(>r(1('(1: wheel statiOllarY and wheel rutartitºg. lºº 
Hic furnier CdLS(', the carriag(' relllallle(1 Slatioiary and the waat('r was 1'('-c'rr('lrlale(1 
through the channel at 0.051ns º. In tlr(' later case, the ('ai bgc was moved through 
stationary water at O. O5ms '. This X-plane viewing angle from I (lowrrstremri posi- 
tion tit ilised the LaVisicºiº caºiliera systenº. 1600 x 1080 pixel ro', olutiuºº pi("ttire's were 
obtained grid a colour scale applied to the resulting black and while irrvages. The 
(ul(>nr scale was configured tirtch t hat t lie strong est co ººrc('ut rations of (lye, r('fledl ing 
high light levels were coloured red and low light levels or blick areas of I he image 
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were coloured blue. See Figure 5.2. 
Figure 5.2: (a) Left frame: Stationary wheel (b) Right Frame: Rotating wheel. 
Dye released at Z/D = 0.05 or 10mm above the ground 
Figure 5.3: (a) Left franse: Stationary (b) Right Frame: Rotating. Dye released 
at Z/D = 0.95 or 10mm below top of wheel 
The lateral extent of the `jet' at the contact patch is visible with evidence of a vortex 
pair at the lower left and right extents (Figure 5.2a). The action of rotation places 
these vortices further inward, toward the vertical X-plane centre-line of the wheel. 
The vortex pair in the rotating case, Figure 5.2b, appear to be more patchy and less 
clearly defined indicating that the region is possibly more unsteady compared with 
a stationary wheel flow field. The dye can be seen reflected in the glass floor below 
the wheel/floor interface. 
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A large patchy concentration of dye is visible behind and above the wheel in the 
rotating case (Figure 5.3b). This is likely to be dye entrained in the low velocity 
wake of the rotating wheel and due to earlier separation, extending above the wheel. 
This central area of dye is not evident in the stationary case possibly indicating a 
higher downward flow velocity behind the wheel. Two patchy areas of dye at the top 
of the stationary wheel indicate the possible presence of an upper vortex pair. These 
are convected downward further downstream. 
5.1.3 Observations in the Y-plane 
Dye was released in front of the wheel at a height above the ground of Z/D = 0.75 
and at the mid-width position of Y/D = 0. Comparisons of stationary and rotating 
cases cell be ýV('11 iiI Fignr(v : ). I 
Figure 5.4: Lye tracer reieasrül hear the top ui tile wheel at the ceiitreliiie of the 
wheel width (a) Left frame: Stationary wheel, (b) Right frame: Rotating wheel. 
U,,, =0.05 
At velocities of U,, =0.05, which is suitable for flow visualisation, the Reynolds num- 
ber is 1x10'. The left frame shows separation just before 2700. If the free stream 
velocity had been higher and more representative of the full scale condition, ie: super- 
critical, then the flow may stay attached further around the wheel due to earlier 
boundary layer transition. However, the comparison of rotating and stationary im- 
ages in 5.4, shows that the action of rotation moves the separation point further 
forward, but because the top of the wheel is an area that is most likely to be sensitive 
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to Reynolds number effects, these low speed observations may not be representative 
at higher speeds. 
5.2 PIV Experiments in Water 
This section presents the results from PIV experiments in the water tunnel using 
a selection of cylinders and wheel models mounted to the moving carriage system. 
Unless otherwise stated, all plots as based on the correct boundary conditions of a 
model rotating in contact with a ground plane. Most of the PIV results are presented 
by plots of both velocity vectors scaled with respect to the free stream and contours 
of significant non-dimensionalised vorticity. 
5.2.1 Comparison Between Instantaneous and Ensemble Av- 
eraged Flow Fields 
Single frame PIV images represent the instantaneous flow field and it is sometimes 
useful to look at these to identify discrete flow structures. However the flow around 
a cylinder or wheel is generally turbulent and unsteady. The data obtained instan- 
taneously will represent the real fluctuating flow field at a particular instant in time 
together with a small amount of noise. It is therefore difficult to identify coherent 
flow characteristics from instantaneous data. By repeating the experiment a number 
of times, and taking an ensemble average of the resulting PIV data, a clearer picture 
of coherent structures in the wake emerges. Structures such as vortices, are therefore 
located in roughly the same position as seen in the instantaneous data but are often 
larger and have weaker peak vorticity as a result of the averaging process which tends 
to `smear' the fluctuating vorticity. 
The number of instantaneous repeats should be high to obtain good quality smoothed 
data, although generally coherent structures were reasonably identifiable after only 
two or three repeats. For each repeat there is an associated flume settling time which, 
with a high number of repeats, would extend the experiment time beyond what was 
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practical. A series of test experiments was carried out to establish an optimum 
number of repeats based on a compromise between the total time to complete an 
experiment and the number of repeats necessary to obtain satisfactorily averaged 
data. A total of 20 repeats per experiment was chosen and used throughout this 
study. Unless otherwise stated, results and plots are based on ensemble-averaged 
data although it was often instructive to observe the instantaneous flow field. Peak 
quantities such as vorticity were commonly found to be attenuated by as much as 
50% or more following the averaging process, due to smearing caused by unsteadiness 
in the wheel wake. 
The results in Figure 5.5 show a comparison of instantaneous versus ensemble-averaged 
non-dimensionalised vorticity (S) behind a sharp edged cylinder with an AR of 0.54. 
The velocity vectors are normalised by dividing their magnitude by the free-stream 
(U. ). The vorticity contour range is the same in both cases for comparison of peak 
strengths between the plots. Strongly coherent features, such as the shoulder vortex 
pair (marked `A') are just about identifiable from instantaneous data, but after av- 
eraging were considerably better defined albeit more smeared and weaker in terms 
of peak strength. A coherent lower vortex pair is not easily identifiable from instan- 
taneous data, but is just visible either side of the base of the wheel in the averaged 
data (marked `B'). 
In areas where ensemble averaging yields either very low intensity structures or noth- 
ing other than broad-spectrum turbulence the instantaneous flow field reveals some 
useful information, such as within the separated shear layer from the top of the larger 
AR rotating cylinder and shown from Y-plane data in Figure 5.6. This plot shows 
vortices shed into the wake after the point of separation on top of the cylinder. Sep- 
aration appears to occur just before the top of the cylinder at about 280°. As the 
number of averages increases these vortices are greatly reduced in strength due to the 
effect of smearing (figures 5.6(b) and 5.6(c)). Of particular note were the results of 
comparisons between the larger and smaller AR cylinders. Vortices formed from the 
small AR cylinder were stronger and less smeared at larger ensemble-average num- 
bers. This might indicate that whilst vortex formation within the shear layer occurs 
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Figure 5.5: Comparison of instantaneous versus ensemble-averaged non- 
dirnensionalised velocity and vorticity (S)from the near wake of a rotating sharp 
edged cylinder (AR = 0.54) at X/D=0.55 
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(c) 20 averages 
Figure 5.6: Non-dimensionalised vorticity plots in the Y-plane (Y/D = 0) using 
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in both cases, the unsteadiness of the separation point at Y/D =0 on the top surface 
of the cylinder might be reduced for lower AR cylinders. 
The instantaneous data reveals the size of the structures (Figure 5.6(a)). At this 
speed (1.875ms-1) the frame separation based on the 15Hz maximum laser frequency 
is 125mm and therefore too large to estimate shedding frequency, but at much lower 
speeds it could be possible to estimate the Strouhal number based on the instanta- 
neous frame-to-frame movement of the vortex structures at the risk of the Reynolds 
number being unrepresentitively low. 
5.3 Sharp Edged Cylinders 
Even for a simplified isolated wheel, establishing the primary flow features associated 
with the basic shape is difficult due in part to the specific profile of the wheel. For 
example, rounded tyre edges and side (hub area) geometries all contribute to the 
complex flow field. To try and establish the main characteristics of very generic 
wheels which are essentially low AR cylinders rotating against a plane boundary, 
experiments were carried out on two solid models with differing aspect ratios that 
were as close to a classic cylinder shape as possible with sharp edged corners and flat 
sides. 
Wake Structures 
Comparing the near wake results in Figure 5.7, a counter-rotating shoulder vortex 
pair is visible with each vortex positioned in the top left and right quadrant of the 
wheel profile. The peak positive and peak negative vorticity of the pair are similar, 
and their strength is also similar to a cylinder model with an AR of 0.38. The cylinder 
with an AR=0.38 is referred to as the smaller AR cylinder and that with an AR=0.54 
referred to as the larger AR cylinder. 
In the lower wake region, generally more patchy, randomly distributed areas of vortic- 
ity are visible especially in the smaller AR cylinder results, with evidence of a weaker 
coherent counter-rotating vortex pair in the larger AR cylinder case and marked `B' 
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Figure 5.7: Comparison of X-plane vorticity and velocity at X/D = 0.55 behind 
a simple cylinder at two different aspect ratios (AR = 0.38 and AR = 0.54) 
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in Figure 5.7(b). In both cases a strong central vertically downward flow between 
the upper vortex pair and lower vortex pair is visible which appears to be stronger 
in the larger AR cylinder results. This increased downward flow and the evidence of 
an established lower vortex pair suggest that the lower base pressure attributed to 
larger AR cylinders contributes to the enhancement of these features. There is no 
evidence of any other coherent structures at this plane. 
Further downstream, at X/D = 2.4 (Figure 5.8) the upper vortex pair weakens 
rapidly and is drawn vertically downward (within a distance of X/D =1 down- 
stream), merging with a more patchy lower vortex pair which appears to become a 
little more coherent further downstream, possibly as a result of the merged system. 
These findings are more evident in the larger AR cylinder results, shown in Figure 
5.8(b) where two comparatively stronger counter-rotating circulating regions are ap- 
parent in the lower wake and they rotate in the same direction as the upper vortex 
pair. These regions are reasonably stable downstream and decay much more slowly 
compared with the shoulder vortex pair. 
Reasonable wake symmetry is noted with respect to the position of the coherent 
structures, but by X/D = 2.4 the lower circulation regions become less symmetrical. 
The influences of the single sided wheel support arm (not shown on these plots) or 
the effect of the free water surface are likely to be contributing factors, due to this 
particular experimental technique. In both AR cases, the area of positive circulation 
on the right hand side of the model, rises vertically, a little higher above the ground 
compared to the negative circulation region on the left of the model. By X/D = 2.4 
or nearly 2 wheel diameters downstream, peak vorticity in the wake has dropped to 
about 50% in the case of the large AR cylinder and about 40% for the small AR 
cylinder with respect to the peak vorticity just behind the cylinders. Figure 5.8 
shows this with a rescaling of the vorticity contour intervals to compare the lower 
peak vorticity detail at this downstream distance. 
Flows Near the Contact Patch 
Flow around the contact patch in the Z-plane of the larger AR cylinder is shown in 
Figure 5.10. The plots are non-dimensionalised with the free stream and contours 
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(b) Larger AR Cylinder 
Figure 5.8: Comparison of X-plane non-dimensionalised vorticity above S=0.7 
and velocity at X/D = 2.4 behind a simple cylinder with two different aspect 
ratios 
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indicate velocity magnitude. The best way to visualise this is to imagine looking 
upward from below a transparent surface on which the wheel is rotating. This surface 
on which the cylinder is rolling will be termed 'road' henceforth. 
The Z-plane location at the contact patch was illuminated by a thin laser light sheet. 
This was positioned such that the thickness of the light sheet lay just above the road. 
With a light sheet thickness of 1mm the average distance between the road and the 
flow was 0.5mm (Figure 5.9). Due to the no-slip condition, the flow at the road would 
be represented in the `wind tunnel' frame of reference as uniform free stream velocity 
because the relative velocity between the flow and the road is zero. 
Wheel tmm 
Light Sh et 
"Mm 
Surface 
Light sheet Average flow 
thickness velocity above 
surface 
Figure 5.9: Diagram of PIV interrogation region in the Z-plane near the contact 
patch 
Some important features are noted from these results. From Z-plane plots, in the base 
region there appears to be an apparent stagnation or zero velocity region, henceforth 
referred to as a `node' in the two velocity vector components (U and V) labeled `A' 
in Figure 5.10(a) and 5.10(b). To the left side of this, flow is reversed and directed 
toward the right hand contact patch boundary with faster flow moving toward the 
outer corners of the contact patch. A close up view of this region is shown in Figure 
5.11 with the vector velocity and magnitude scales enhanced. It can be noted that this 
node is within the area between the contact patch and the rear edge of the cylinder 
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Figure 5.10: Z-plane at 2 X-axis locations, just above the contact patch of the 
larger AR cylinder, `A' and `E' Nodes. `B' Stagnation in front of the contact patch. 
`C' and 'D' Flow around the edges of the contact patch. Non-dimensionalised 






























Figure 5.11: Close up view of area `A' shown in Figure 5.10(a) 
(the profile of the cylinder at the horizontal centreline is indicated by a dotted red 
line in Figure 5.10(b)). The velocity of reversed flow reaches a peak at the corners 
('D' in Figure 5.10(b)) 
Further rearward there appears to be a second node ('E' in Figure 5.10(b)) which lies 
downstream of the rear edge of the cylinder and is likely to be related to the strong 
downwash behind the cylinder. These two base region nodes are also apparent for the 
small AR cylinder results. However they are generally smaller and less visible. The 
outer node ('B' in Figure 5.12) is not symmetrical about the longitudinal centre-line 
and situated closer to the projected rear edge of the cylinder. Evidence from Y-plane 
data taken at the longitudinal centre-line suggests downwash is responsible for node 
`B', depicted in Figure 5.14 and circled as area `B' in Figure 5.14(a). Node `A' is 
also circled although the cause is unclear, but could be related to a contribution by 
recirculated wheel driven flow. Lower velocity flow in the wake region of the larger 
AR cylinder is apparent, as is reversed flow indicated by the coloured contours. The 
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Figure 5.12: Z-plane, just above the contact patch of the smaller AR cylinder, 
red dashed line indicates wheel profile at the stream-wise horizontal centre-line. 
Non-dimensionalised velocity magnitude 
darker blue contour patches and are approximately 20% of the velocity of the free 
stream. This is roughly the same percentage of reversed flow velocity as the increase 
in velocity at the front of the contact patch due to the action of jetting. 
Figure 5.13 again shows a comparison of larger and smaller AR cylinders in the Z- 
plane, this time further up the cylinder at the horizontal centre-line. The contours 
indicate the velocity of the local U vector component and this plane shows the region 
alongside and just behind the profile of the cylinders. A comparatively large and 
symmetrical area of low or reversed velocity flow exists behind the smaller AR cylinder 
with two clearly defined areas of reversed flow behind the rear corners. Whilst there 
is evidence of low and reversed velocities in the corners of the larger AR cylinder 
(Figure 5.13(a)) comparatively, there is less evidence of reversed and low velocities 
and the flow pattern is generally less symmetric. 3-dimensional effects in this region 
are strong, with a re-circulating region sandwiched between the wheel with its induced 
upward flow and the strong down-flow shown in Figure 5.14 the significant feature. 
The more vertical trajectory of the W vector component down-flow in the small AR 
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case may account for the lower U velocity behind the edge. 
Ahead of the contact patch, the front stagnation point is apparent, marked `B', with 
the start of the jetting flow indicated by `C', both shown in Figure 5.10(a). With 
regard to the onset of the jet, the flow accelerates rapidly as it passes around the 
corner of the contact patch and out of the overhang region between contact patch and 
projected leading edge. Although the free stream will be higher outboard of the front 
cylinder profile and will therefore contribute to an increase in jet velocity, the sudden 
increase in velocity suggests that there is a contribution from the rotation induced 
downward flow from the sidewall of the cylinder. Peak velocities in the jet are greater 
than the free stream velocity by about 20%. Comparing the jet characteristics from 
the smaller and larger AR cylinders, it was noted that the peak jet velocities and 
trajectory were quite similar. 
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Figure 5.13: Z-plane, at the horizontal centre-line of the larger and smaller AR 
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(b) Smaller AR cylinder 
Figure 5.14: Y-plane, at the longitudinal centre-line (Y/D = 0) of the larger and 
smaller AR cylinders, non-dimensionalised velocity vectors. Coloured contours 
show reversed flow only 
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(b) Smaller AR cylinder 
Figure 5.15: All Y-planes behind the cylinders at Y/D = 0, contours are non- 
dimensionalised U component velocity 
By combining a succession of frames from Y-plane data, contours of non-dimensionalised 
U component velocity are plotted for the wakes of both cylinders up to X/D =5 
downstream. These are shown in Figure 5.15. Whilst both images show similar 
overall features, the significant wake region of the smaller AR cylinder is quicker to 
descend toward the road. Higher velocity reversed flow is also apparent in the near 
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5.4 The Racing Wheel Wake Flow Field 
This section describes the results of PIV experiments carried out on a number of 
racing wheel models, both solid and pneumatic tyre variants. Investigations focused 
on the overall time-averaged wake characteristics and associated structures and how 
these are affected by small but significant changes to the geometry, angle and shape 
of the wheel. The results from a detailed study of specific and important flow field 
locations around the models are also described with special attention paid to areas 
which have proved difficult to study either experimentally or numerically. 
5.4.1 Flow Structures Associated With the Wake 
Vorticity in the near wake (X/D = 0.55) of a 38% racing wheel with a pneumatic 
tyre are shown in Figure 5.16. 
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Figure 5.16: X-plane, just behind the wheel (X/D = 0.55) of a 38% pneumatic 
racing wheel, non-dimensionalised vorticity and velocity vectors 
The wheel support has not been included in these plots, but was situated on the left, 
axle line of the wheel. The most significant features at this plane are the counter- 
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(b) X/D = 2.5 downstream 
Figure 5.17: X-plane, further downstream locations in the wake of a 38% pneu- 
matic racing wheel, non-dimensionalised vorticity and velocity vectors 
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rotating shoulder vortex pair and the strong central down-flow. The peak strength 
of these vortices is comparable with those observed for sharp edged cylinders, which 
suggests that the more rounded profile of the tyre corners has little influence. The 
shoulder vortices, originating from the separated flow at the upper rear sides of the 
wheel drive the down-flow in the upper wake funneling toward the base region of 
the wheel. In the lower base region there is evidence of a vortex pair. However this 
structure is considerably weaker than the upper pair and more patchy at this plane. 
Figure 5.17 shows data from X-planes further downstream; at X/D =1 and X/D = 
2.5. Studying each successive PIV plane, the shoulder vortex pair weaken quickly and 
are driven vertically downward by their self-induced velocities, eventually merging 
with the lower vortex pair. This happens within about X/D = 1.5 downstream. The 
lower vortex pair decay at a slower rate remaining visible up to X/D =4 downstream. 
Their peak strength appears to be about half that of the initial upper vortex pair 
and their lateral movement and separation remain relatively constant in the lower 
region of the wheel wake. The gross features were similar to the results from simple 
cylinders. 
5.4.2 Wake Symmetry and Aspect Ratio 
By X/D = 2.5 downstream of the wheel (Figure 5.17(b)) the axi-symmetrical na- 
ture of the vortex progression downstream appears to be diminishing, with the lower 
system wandering toward the right of the image. This is again more likely to be a 
consequence of influences from the disturbance of the water at the free surface of 
the tank rather than any wheel generated flow feature. Plots at this downstream 
location were produced from experiments by Bearman et al. (1988) showing contours 
of vorticity behind a stationary and rotating wheel (shown in Figure 2.23)where sym- 
metry was reasonably good. Peak non-dimensionalised vorticity in the rotating case 
was ±0.75. This compares with values obtained in the present study at X/D = 2.5 
downstream, (Figure 5.17(b)) where regions of vorticity of around ±1.5 and peaks of 
about ±3 are measured. This is almost certainly a result of the diagnostic equipment 
which, for Bearman et al's work relied on a pressure probe positioned in the wake 
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and the longer sampling times may have weakened peak vorticity due to smearing as 
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Figure 5.18: Non-dimensionalised total positive and negative circulation at X- 
plane locations in the wake of a 38% pneumatic wheel 
Good symmetry in terms of total positive and negative circulation strength at down- 
stream locations, is indicated by the graph in Figure 5.18. However, between X/D = 
1 and X/D =3 downstream, positive circulation is higher that negative circulation 
and this asymmetry is also apparent in the vorticity plot at X/D = 2.5 (Figure 
5.17(b)) where, to the right of the image, a larger area of positive (anticlockwise) 
flow is apparent. By X/D = 3, both circulations are of a similar order. External 
factors contributing to asymmetry are related to the single-sided wheel support arm 
and the free-surface water disturbance effects as a result of the model being towed. 
Any turbulence or vorticity from these sources may act to reduce circulation on the 
respective side of the wheel and the plots indeed show this, with a reduction of neg- 
ative circulation, which is on the left hand side along with the disturbance of the 
support arm and free surface. 
Whilst coherent structures are visible in the wheel wake, the highly turbulent flow 
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field is evident from the patchy nature of vorticity at all interrogation planes. These 
patches of vorticity are based on ensemble-averaged data and are the result of av- 
eraging smaller areas of instantaneous high intensity vorticity. Figure 5.19 shows 

















Figure 5.19: Non-dimensionalised vorticity, X-plane locations in the wake of a 
38% pneumatic wheel 
As previously discussed, peak vorticity in the upper vortices was relatively unaffected 
by the rounded profile of the tyre in comparison with the sharp edged cylinder, but the 
symmetry of the upper local wake was significantly influenced by the more rounded 
profile of a racing wheel model at lower aspect ratios. For wheels with aspect ratios 
of 0.54 or above, the symmetry about the vertical X-plane centre-line axis in the 
upper wake was generally good with the position of the shoulder vortices just inside 
the profile of the upper quadrant of the wheel at X/D = 0.55 downstream. When a, 
wheel with an aspect ratio of 0.42 was investigated, the upper vortex pair was still 
visible, but unstable in terms of its position. The most common position noted was 
for the vortices to align roughly with the vertical X-plane centre-line, with either the 
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positive vortex or the negative vortex to be in the upper position. The down-flow 
behind the wheel was still apparent albeit, now following an `S' shaped path around 
the vertically aligned upper vortex pair. Figure 5.20 shows the near wake vortex pair 
at X/D = 0.55, with the positive vortex positioned above the negative vortex. Peak 
vorticity was weaker which would be expected due to the lift and drag being lower 
and base pressure higher, but given the increased positional instability it could also 
be due to smearing from the ensemble-average processing. 
Experiments using a sharp edged cylinder with an aspect ratio of 0.38 are shown in 
Figure 5.7(a) and do not demonstrate this skewed asymmetric local wake feature. 
The separation associated with the flow over the sharp edges at the upper rear of the 
cylinder tend to stabilise the induced upper vortex pair even at low aspect ratios. 
Further downstream the consequence of the skewed shoulder vortex positions is also 
significant, with the upper and lower vortices merging with patchy areas of lower 
vorticity to form one large circulating area (Figure 5.20(b)). Further discussion of 
these features can be found in chapter 9. 
5.5 The Contact Patch Region 
The contact patch (CP) region can be described as the area around the periphery of 
the part of the tyre which makes contact with the road surface. This includes the 
`overhang region'; the front or rear region between the wheel/road contact boundary 
and the front or rear leading edge of the wheel. In the areas outboard of the wheel 
profile, PIV data were obtained in X, Y and Z-planes. However in the overhang 
region, interrogation in the Y and Z-planes was generally more successful than in 
the X-plane due mainly to problems associated with the light sheet reflections on the 
wheel surface. 
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Figure 5.20: X-plane, local wake of a 33% low AR racing wheel, non- 
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Figure 5.21: Diagram showing overhang region in the Y-plane and the contact 
patch and interrogation region in the Z-plane 
5.5.1 Pneumatic Tyres and Contact Patch Size 
With interrogation taking place very close to the contact patch boundary, it was 
important to ensure that the experimental conditions were matched closely to real 
conditions based on the full-size racing wheel. Whilst data were obtained for both 
solid and pneumatic racing wheels, this section focuses on results from pneumatic 
wheels with pre-defined contact patch sizes. In general terms, contact patch size is 
dependent on both tyre pressure and vertical force. Under the dynamic experimental 
conditions, to prevent the tyre becoming unstable and deforming significantly, other 
than at the contact patch, the pressure in the tyre was adjusted and balanced against 
the load applied by the support system to achieve the correct patch size and a stable 
rotating wheel model. The vertical loading of the wheel was applied via the axle 
mounted support arm by the leaf spring mechanism described in appendix A. 1.1. 
The loads could be varied to achieve the required contact patch size. 
Information was obtained from Williams F1 regarding the typical size of a contact 
patch on a full size Formula 1 car traveling in a straight line. This was scaled to 38% 
to match the pneumatic wheel model. To gain an understanding of the flow field 
when the wheel was subjected to different contact compressions, for example during 
acceleration, braking or cornering, two extremes of experimental contact patch size 
were chosen. These are shown in table 5.2 and referred to as either the `Small Contact 
Patch' or the `Large Contact Patch'. The deformation of the tyre between these two 
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Figure 5.22: Wheel Profiles; Left: Small contact patch. Right: Large contact 
patch. Wheel mounted in the water tunnel 
configurations can be seen from the images taken in the X and Y-planes in Figure 
5.22. 
Experiment [Ratio of CP area to frontal area Ratio wrt Typical F1 
Small Contact Patch 0.086 0.688 
Large Contact Patch 0.252 2.02 
Table 5.2: Experimental contact patch configuration 
5.5.2 Z and Y-plane Results 
The Z-plane contact patch and Y-plane centre-line velocity plots shown in this section 
provide a detailed picture of the time-averaged flow features associated with the front 
and rear contact patch regions. Plots in the contact patch area at a Z-plane just above 
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the road (as described in the diagram of Figure 5.9) are shown in Figure 5.23. Large 
and small CP regions show the vector direction and the non-dimensionalised velocity 
magnitude. The outline of the wheel at the horizontal centre-line is indicated by the 
red dashed line surrounding the CP mask. The strength and direction of the jetting 
flow from the lower, or left hand corner of the contact patch is similar with peak 
velocities at the corner approximately 20% higher than the free stream velocity. 
Fackrell's 2-D flow solution depicted in Figure 2.16 postulated that the viscous action 
of flow being drawn in to the gap by the closing boundaries at the front of the contact 
point would result in a forward `jet' emerging into the flow between the boundaries 
and furthermore, that a negative jet with the reverse action would be present at the 
diverging rear boundaries. In more recent pressure measurement experimentation and 
CFD studies described in chapter 2, the negative `jet' presents itself as a negative pulse 
after the line of contact and following Fackrell's 2-D solution, would be characterised 
by a reversed or inward vector path between the boundaries, with flow from the wake 
directed toward the contact line. 
The findings of Mears et al. (2004) and the CFD studies of Mears & Dominy (2004) 
suggest an intermittent and unsteady outward going 'negative jet' from the rear 
contact point. It is unlikely this is a jetting phenomenon relating to Fackrell's 2-D 
flow solution, as one may expect to find evidence of a flow path toward the contact 
point of the wheel with the road. It is possible that if an intermittent outward jetting 
flow from the rear contact point existed, then the source of this flow would come 
from the 3-D gap around the edges of the tyre at the contact patch and perhaps 
move inward, toward the middle-rear of the line of contact. However there was no 
experimental evidence of such a flow from this study. It is possible that if the flow 
feeding the negative jet was very intermittent, thin enough and close enough to the 
floor, it may be missed by these interrogation methods. 
The local wake region, underneath the overhang of the wheel shows an area of reversed 
flow emanating out from a node just behind the rearmost point of the wheel (Figure 
5.23). This node was seen in the sharp edged cylinder results (marked `B' in Figure 
5.11). Reversed flow in the base region, toward the rear face of the Contact patch is 
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greater in the large CP case. A close up of the local wake in the Z-plane behind the 
large CP case is shown in Figure 5.24. There is no clear evidence of a `jet' of flow 
emanating from the gap between wheel and road (other than the flow induced by 
wheel rotation) as postulated by Mears et al. (2004) relating to a negative or `rear' 
jetting phenomenon. 
Results from Y-plane plots taken at the centre-line of the wheel for both large and 
small CP models are shown in Figure 5.26. The lower wake of the small CP model, 
(< Y/D = 0.5) provide evidence of differences in the velocity field with greater extents 
of low velocity flow. Higher down-flow velocities are apparent in the upper wake of 
the large CP model. Close to the contact patch, a circulation is apparent again with 
horizontal reversed flow vectors moving toward the contact line (point where the wheel 
meets the road) and turning upward close to the wheel as it becomes influenced by 
the wheel induced flow. This results in a small apparent stagnation node shown in 
the close-up plot of this region, Figure 5.27, at X/D = 0.32, Y/D = 0.02. The region 
was also seen in the sharp-edged cylinder plots (marked `A' in Figure 5.11). Between 
this node and the contact line there is evidence of higher velocity outflow similar to 
the findings of Mears et al. (2004), but this could equally be attributed to a flow 
induced by the entire wheel and it would be difficult to argue that this was a separate 
phenomenon related to negative jetting from this data or the close-up Z-plane data 
plots of Figure 5.24. 
Another interesting feature seen in both CP cases, is the horizontal line of low velocity 
wake flow along the lower, or left hand side profile of the wheel indicated by the red 
dotted line which shows where the profile of the wheel at the horizontal centre-line 
would be positioned. The flow induced by the action of wheel rotation would be 
highly 3-dimensional and driven vertically upward along this line and therefore it 
is possible that reversed flow moving toward this line is swept upward (hence lower 
Z-plane velocity). Looking at the left hand side of the wheel from the rear (X-plane) 
in the near wake, this wheel induced upward flow would contribute to the clockwise 
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(b) Small contact patch 
Figure 5.23: 38% rotating pneumatic wheel, Z-plane, just above the road, non- 
dimensionalised vector and velocity magnitude of flow toward the contact patch 
and in the near wake behind the contact patch 
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Figure 5.24: 38% rotating pneumatic wheel, large CP, Z-plane, just above the 
road, re-scaled non-dimensionalised vector and velocity magnitude of flow close to 
the contact patch in the near wake 
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(b) Small contact patch 
Figure 5.25: 38% rotating pneumatic wheel, Z-plane, 30mm above the road 
(Z/D = 0.12), re-scaled non-dimensionalised vector and velocity magnitude 
Page 196 
0.4 0.6 0.8 
X/D 










XX X\ \\\1\\\\\ , I' 111\ 
\ \\\\\\\ \\ 




0.75 '1\\ \' 77 0 I1I11\\\ . 
II l\\\` 0.69 
I 11111\\\\ 0.62 
rrI! I1ll1 V\\ 0.554 fl11 Illllllt\\\\` 





///// 1fI1111 r` 
' x'= -' _//// i, III111I1 r*. 
0.15 
r"t,. _-ýý ." ý 
0.08 
. __ __ 
_ý 




0.6 0.8 1 
X/D 
(a) Large contact patch 




, \\\\\\\\ý ýý `I l \\\\\ý . ý\ýý 0.6 if111\\\\ý \\\ý \\\\\ý\\\\ U- 
; 
ýii 
111\\vý. ýýý Wheel mask \I111\\\\\ý ýý 
o . 111.. ýI\\\\\\\\\ 
t1I! I1ý11 i\\\\\\\ I Magnitude 
1111111 1 \11\\\\\\\ N ý'III1I111\\1t\\\\\\\\ 1.00 
0.4 11111\11\\\\\\\\ 0.92 
1= IIIIllI \\\\\\\\\\\ 0.85 
Ilitl\\\\\\\\\\\\\\ 0.77 
Itt r\\\1\\\\\\ 0.69 ýrrlttr\\. \\\\\\\ý\\\ I'jr rriirr\\\\\r1t\\\ \\\\ 
0.62 
/ IIIIIIrrr\\r11\t\\\\\ 0.54 0.2 , rrtrirrlrt\\rr\\\\. \\\ 0.46 
ý, -. r rrrrrrrrri t\\\\\; r\0.38 
trrrrrrrrrr. rt .\0.31 
. r., .Rx:. rrrrrrrr 
lc, t `t a* 0.23 
d..., '* ,, rrrr. ttr:, c s't 0 




0 0.2 0.4 0.6 0.8 
X/D 
(b) Schall contact patch 
Figure 5.26: The wake behind a 38% rotating pneumatic wheel, Y-plane, at the 
wheel center-line (Y/D = 0), non-dimensionalised vector and velocity magnitude 
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At Z-planes further up the side of the wheel, there is evidence of flow pattern dif- 
ferences between the two CP cases, for example in the trajectory of the jet and the 
shear layer between high velocity, free stream flow and the wake region behind the 
wheel. Interrogation of the wake in the Z-plane, at a height of 30mm or at a height of 
Z/D = 0.12 above the road, was carried out and the flow around the left hand (lower) 
rear corner of the wheel plotted (Figure 5.25). The vector and velocity magnitude 
scales are adjusted to reflect the scales contained only within the wake. 
High velocity flow outside the shear layer is omitted for clarity. Figure 5.25(a) shows 
an area of high velocity flow into the base region at the rear corner profile of the 
large CP model marked by a dotted red line. This is in contrast to the small CP 
result, showing the shear layer moving away from the rear profile of the wheel (Figure 
5.25(b)). 
A major contributor to the difference in the lower wake pattern, can be attributed 
to flow entering into the base region either side of the smaller contact patch with the 
consequence of a possibly higher base pressure. The higher reversed flow velocity in 
the near wake of the large CP model (Figure 5.23(a)) over the small CP counterpart 
alludes to this. An area of low velocity flow follows the rear profile a small distance 
from the surface of the wheel in the Y/D =0 plane, evidently as a result of the 
reversed flow being turned upward under the influence of the wheel induced flow and 
shown in the close-up Y-plane plot of Figure 5.27. 
Observing the flow in the overhang base region between the contact patch and the 
wheel's rear edge from the rear X-plane view (Figure 5.28), gives an indication of 
the early development of the lower trailing vortex pair. Close to the centre-line, at 
X/D = 0.24, the predominately upward trajectory of the vectors suggest that the 
flow at this point is being drawn around the wheel as a result of induced flow. At 
X/D = 0.34 there is evidence of a node at the lower centre-line of the wheel with flow 
being drawn outward laterally toward the sides. As the flow reaches the edges of the 
wheel profile, it turns upward, showing the early stages of a lower counter-rotating 
flow circulation pair. Further rearward, at X/D = 0.5 the centre-line downwash is 
becoming established enhancing the counter-rotating circulations to the left and right 
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Figure 5.27: 38% rotating pneumatic wheel, large CP, Y-plane, at the wheel 











































Figure 5.28: Non-dimensionalised crossflow vectors, X-planes rearward of the 
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5.5.3 The Jetting Flow 
Time averaged plots from figures 5.23 of the contact patch region in the Z-plane 
have shown how the approaching free stream is forced out each side of the wheel just 
ahead of the line of contact. In Fackrell's 2-D theory he described this highly viscous 
process as being created by the coming together of the rotating wheel and oncoming 
road, squeezing the flow so that it is forced back upstream at half the velocity of 
the boundaries. In the 3-D case, the flow is forced out in a lateral trajectory at 
peak velocities that are approximately 20% higher than free stream. This section 
examines the characteristics of the jet more closely in an attempt to gain a better 

















(b) Small contact patch 
Figure 5.29: Streamlines and non-dimensionalised velocity magnitude due to the 
front jetting flow 38% rotating pneumatic wheel, Z-plane, just above the contact 
patch (Z/D = 0) 
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The lateral trajectory of the jet is greatest just above the road as would be expected 
due to the maximum focus of energy from the squeezing effect of the wheel and road 
boundary happening just before the line of contact. Just as the aspect ratio had 
little influence on the trajectory of the jet for sharp edged cylinders, the size of the 
contact patch does not appear to be significant with trajectories from both large and 
small CPs following a very similar path and extending laterally a distance Y/D = 0.5 
each side of the vertical X-plane centre-line. In the small CP case, the jet shear layer 
has a maximum lateral excursion at X/D = 0.75 downstream as shown in Figure 
5.29. Plots of the flow along the side wall of the wheel are shown in Figure 5.30. 
The separated low velocity flow at the bottom of the wheel, associated with the jet 
is shown in terms of the U-component of velocity. The vertical excursion of the jet 
is greater for the small CP case and increases steadily further rearward. In the large 
CP case, the area of separated flow remains closer to the road. Reversed flow of equal 
strengths is also noted in both CP cases. 
The instantaneous Y-plane plots of the jetting (Figure 5.31) give an indication of 
the unsteadiness in the shear layer associated with the jet, with eddies being ejected 
and these structures passing downstream. A more organised area of reversed flow is 
also apparent in the small CP case. It is not possible to calculate the frequency of 
the eddies shed within the jet due to the relatively low 15Hz frequency of the PIV 
system, which results in frame-to-frame spacing of 125mm, this being too large for 
time resolved results. 
5.6 Flow Along the Side Faces of the Wheel 
By obtaining PIV data in the Y-plane at a position just outboard of the side faces of 
the wheel, it is possible to gain insight into features such as areas of separation and 
possible re-attachment. As noted in the drag measurements of chapter 4, the action 
of rotation may contribute to keeping the flow predominantly attached to the sides 
of the wheel where hub caps are fitted, apart from the lower separated region due to 
jetting. By looking at the time-averaged and instantaneous Y-plane plots in figures 
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(b) Small contact patch 
Figure 5.30: Non-dimensionalised U-component velocity due to the front jetting 
flow 38% rotating pneumatic wheel, Y-plane, just outboard of the wheel profile 
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(h) Small contact patch 
Figure 5.31: Non-dimensionalised instantaneous U-component velocity contours 
due to the front jetting flow 38% rotating pneumatic wheel, Y-plane, just outboard 
of the wheel profile 
Page 204 
CHAPTER 5. FUNDAMENTAL FLOWS ASSOCIATED WITH AN ISOLATED 
WHEEL 
5.30 and 5.31, the U-component of velocity is higher than free stream as it passed 
around the front edges of the wheel and there is no evidence of detachment across the 
side face other than in the jetting region. Differences due to the contact patch size 
over the majority of the side face area are minimal except for the separated jetting 
region near the road. In the Z-plane, at the horizontal centre-line (Z/D = 0.5) a 
stagnation region is visible ahead of the wheel, with flow following the profile of the 
tyre edge and continues by passing along the side faces. There is no indication of 























Figure 5.32: 38% rotating small CP pneumatic wheel, Z-plane, at the wheel 
horizontal centre-line (Z/D = 0.5). Plot of non-dirnensionalised vector and U- 
component velocity magnitude 
5.7 The Flow Field Ahead of the Wheel 
In the X-plane, just ahead of the wheel (X/D = -0.53), cross-flow vector magnitude 
plots in Figure 5.33 show the lateral flow deflection. As the flow approaches the 
leading edge, a minimally deflected region (stagnation region) is seen extending from 
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the Z/D = 0.5 down to the ground. In the large CP case, the blocking of the flow as 
a result of the larger contact patch leads to a greater region of slow cross-flow, with 
near horizontal jetting vectors to the left and right of the vertical X-plane centre- 
line. Flow escaping under the left and right sides of the small CP wheel, alters the 
trajectory of the vectors in the lower left and right-hand side regions drawing them 
downward toward the lower corners. Higher lateral velocities around the leading left 
and right edges of the wheel when compared with the large CP case. 
The slowest cross-flows are associated with the stagnation point at the leading edge 
of the wheel. The stagnation point was found to be vertically lower in the case of 
the large CP experiment and can be observed in Figure 5.33. The larger patch of 
slow cross-flow, extending vertically downward to the road in large CP case (shown 
as a dark blue contour) is slowest a short distance below the horizontal centre-line 
of the wheel. The stagnation point is easier to identify in the small CP case because 
of the slightly faster velocity cross-flow below the stagnation point. Measurements 
of the height of these stagnation points taken from Y-plane data at the leading edge 
are presented in table 5.3. Accounting for the reduction in wheel height due to 
compression, the stagnation point drops by 6.4mm in the large CP case, suggesting 
that lift would be higher. This would be expected because of greater blocking of the 
flow at the line of contact, thus the viscous effect of flow being forced into this region 
would be greater. 
Small CP Large CP 
Total Wheel Height under compression 0.996 0.97 
Uncompressed radius 0.5 0.5 
Road to stagnation point distance 0.45 0.40 
Distance of stagnation point below CL 0.043 0.068 
Percentage of the distance to the CL 8.7% 14.5% 
Table 5.3: Table of leading edge stagnation point variations for small and large 
contact patches as a ratio of the wheel diameter 
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Figure 5.33: Non-dirnensionalised velocity vectors and magnitude at X/D = 
-0.53 ahead of a 38% rotating pneumatic wheel. The support arm of the wheel is 
on the right (not shown) 
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Chapter 6 
Flow Characteristics associated 
with Wheel Geometry 
Variations of the contact patch size have revealed that there are some substantial 
differences in the wheel's flow under the two extreme conditions of very small or very 
large contact patch size, particularly in the lower, near-wake region. Under racing 
conditions this may translate into dynamic variations in the forces acting on the wheel 
itself and on other areas of the car bodywork situated downstream. In addition to 
undergoing dynamic changes in the contact patch size, the wheels will be subject to 
rapid alterations of their orientation with respect to the oncoming flow, both in terms 




chapter presents some data from a selection of the most significant geometric 
variations associated with isolated cylinders and model racing wheels. In the case of 
yaw and camber experiments, the chosen angle of each condition was identified as 
those which are commonly experienced by the Williams F1 racing team on the track, 
and hence used in regular wind tunnel testing and in CFD studies. Experiments 
involving the effects of yaw and camber were performed separately in an attempt to 
establish which specific flow feature could be attributed to which geometric condition, 
although in real conditions there will be a combination of both yaw and camber acting 
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simultaneously. A small number of hub cavity flow experiments were also carried out, 
but for all other cases, comparisons and geometries, hub cavities remained sealed with 
smooth walled side plates. 
6.1 The Effects of Yaw and Camber 
6.1.1 Wheel Yaw 
The quality of the experimental methods and the correct simulation of boundary 
conditions has been shown to be very important in producing results that are rep- 
resentative of the true case. In the water tunnel, the model wheel is rotated along 
the road, through stationary water with the aid of a moving carriage, thus correctly 
simulating the boundary conditions. In the wind tunnel, the same conditions are 
achieved using a wheel rotating on a moving ground through moving air. The yaw 
angle is a result of the `slip' angle; the amount of elastic deformation of the tyre as the 
wheel is turned, for example into a corner. The water tunnel configuration is partic- 
ularly suitable for yaw simulation experiments on isolated model wheels because the 
road surface (the glass wall of the tank) has a low friction coefficient such that yaw 
angles and hence slip angles can be achieved with minimal mechanical loading on the 
carriage system due to the frictional action of the rubber tyre at yaw with respect 
to the in-line direction of travel. Any build up of heat is quickly dissipated by the 
water. However, at large yaw angles, for example ±6°, difficulties were encountered 
when attempting to simulate a large contact patch as the additional friction due to 
the increased load required to generate the larger contact patch, became too great 
for the carriage system to overcome. The majority of the results in this chapter were 
based on a representative contact patch of average typical size. 
In the wind tunnel, yaw testing is more difficult to achieve as the slip angle between 
the in-line belt of the rolling road and the yawed rubber wheel can generate signifi- 
cant heat and produce a side loading which can quickly upset belt tracking systems. 
Applying grease or silicone to the road or tyre is one way of minimising these prob- 
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lems. Another commonly used technique is to yaw the rolling road to the same angle 
as the wheel, thus reducing the slip angle frictional forces. As this technique does not 
generate the slip angle deformation of the rubber, the size and shape of the contact 
patch and associated lower tyre wall will not be a true representation of the real 
condition. In addition, the approaching road will be yawed with respect to the free 
stream. 
The yawed isolated wheel results discussed in this chapter have been obtained from 
water tunnel experiments. 
Yaw Angles 
Maximum yaw angles of a Formula 1 wheel due to cornering are thought to be around 
7° (Milliken & Milliken 2004) with many racing teams reporting angles of 6° are 
much more common (see Figure 6.1). In this study a total of four yaw angles were 
investigated. These were 6° of yaw, which is thought by many F1 teams to be close to 
the maximum yaw that can generally be encountered during the cornering process, 
and 2° of yaw which was chosen to provide an indication of any significant flow 
field changes for small amounts of yaw. Due to the asymmetry of the single sided 
wheel support arm, both 6° and 2° cases were tested at positive and negative angles 
with respect to the in-line condition to establish any asymmetry effects due to the 
supporting arm and the free surface. 
6.1.2 Results of Yaw Experiments 
The ensemble-averaged results in Figure 6.2 show the vorticity in the near wake 
(X/D = 0.55) of an isolated pneumatic wheel yawed at -6° to the oncoming flow. 
The prominent shoulder vortex pair is visible but skewed in a counter-clockwise direc- 
tion about the vertical X-plane centre-line, with the positive vortex positioned nearer 
to the top right hand shoulder of the wheel. The down-flow between the upper vortex 
pair is also skewed in the same direction. Due to the asymmetric single sided wheel 
support arm, results were also obtained for a yaw angle of +6° and show very similar 
characteristics, but with the vortex pair skewed clockwise about the vertical X-plane 
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Slip Angle (degrees) 
Figure 6.1: A graph of slip angle versus lateral force for a typical racing tyre in 
contact with the ground (Milliken & Milliken 2004) 
centre-line, with the left hand negatively signed vortex nearer to the top of the left 
hand (windward) side of the wheel. In both cases, the wheel support arm is on the 
left of the image (not shown) and appears to have little influence on the main vortex 
structures or the general flow field. At small yaw angles, the upper vortex pair are 
less skewed than at +6° of yaw, as shown in the velocity magnitude plots of Figure 6.3 
for a yaw angle of +2°. The direction of the down-flow between the upper vortices is 
dictated by their alignment and as yaw becomes greater, so the skewing of the vortex 
pair directs the down-flow away from the vertical X-plane centre-line. In addition, 
the intensity of the central down-flow velocity reduces with increased yaw angle, as 
shown in Figure 6.3(c). 
Plots of non-dimensionalised total circulation for both f6° cases are shown in Figure 
6.4. Whilst there are small differences between the circulation strengths further into 
the wake, the effect of the wishbone again has little influence on flow symmetry with 
higher circulation evident on the windward side of the yawed wheel. By X/D =4 
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Figure 6.2: X-plane, just behind the rear of the wheel and further downstream 
of a -6° yawed 38% pneumatic racing wheel, non-dimensionalised vorticity and 
velocity vectors 
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(c) +6 Degrees yaw 
Figure 6.3: X-plane; X/D = 0.55, comparison of non-dimensional cross-flow 
velocity magnitude for increasing yaw angles. (Magnitude contours below 0.1 not 
shown) 
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Figure 6.2(b) shows what remains of the circulation area on the windward side of a 
-6° yawed wheel. Figure 6.5 compares wake vorticity between the in-line and -6° 
yawed configurations for a number of planes downstream. The strong initial upper 
vortex pair is visible and skewed in the yawed case. The overall decay rate between 
the plots is comparable. However in agreement with the circulation plots the upper, 
windward vortex decays rather more slowly and is still significant compared with the 
leeward, negatively signed vortex at a distance X/D =3 downstream. 
In earlier wheel studies, Cogotti (1983) suggested a rise in both lift and drag coefficient 
for yaw angles up to 15°, but Mears et at. (2004) noted a modest 5% rise in drag 
but a 10% drop in lift at yaw angles of 5°. Higher local peak vorticity in the upper 
pair may suggest that in the present tests the wheel is producing greater levels of lift, 
and indeed in these results the upper vortex pair is notably stronger for the zero yaw 
case. This may indicate lower lift for the 6° yawed results, as also observed by Mears 
in similar experiments. The rise in drag noted in previous experimental studies for 
the yawed condition, could be attributed to the fact that the flow is more likely to 
separate in the adverse pressure gradient of the leeward side face of the wheel. This 
would result in a larger wake and lower base pressure. In these experiments, with 
hubcaps sealing the wheel cavities, data obtained in the Y-plane, at the downstream 
vertical centreline shows no evidence of separation from the leeward face of the wheel 
at the maximum tested yaw angle of 6° as shown in Figure 6.6. 
In the wake of the wheel, viewed from a Z-plane located just above the road surface, 
there is evidence of a node and associated with the centreline down-flow between the 
upper vortex pair for a wheel running in-line with the oncoming flow. It is compared 
against the two maximum yawed configurations of -6° and +6° in Figure 6.7. The 
node of zero velocity in the Z-plane, appears to move laterally away from the line of 
symmetry in the direction of the yawed angle. In the case of +6° yaw, the node is 
within the field of view and is circled in the Z-plane plot shown in Figure 6.7(c). 
To compare the extent of the wake boundaries between the in-line and yawed cases, 
the unsteadiness of the flow in the wake between repeated experiments can be plotted 
in the X-plane by calculating the standard deviation a of the magnitude of cross-flow 
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(b) -6° yaw 
Figure 6.4: Circulation plotted against downstream distance in the wake of a 
38% yawed pneumatic racing wheel. (feint grey lines show the in-line cases) 
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(b) -6° yaw 
Figure 6.5: A compilation of vorticity contour planes downstream of a 38% 
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Figure 6.6: Z-plane contour plots of non-dimensionalised U velocity for yaw 
angles of +6° and -6° respectively, for a rotating isolated wheel 
Page 217 













l 1f \` 
X/D 










"" ' rrI ',, _1_l..,. 
/1 11\111\1\\ .". II//// /I 




1111' 1 ilk v, rr. MK. I . I 
II\ ý\ý\ " + 
ywl 
V.. ý'I 'III1 ý\\ 
1111 

























































(c) +6° of Yaw 
Figure 6.7: Z-plane non-dimensional vector and contours of U component veloc- 
ity at a plane just above the contact patch for an in-line and ±6° yawed rotating 
isolated wheel (circled area shows the apparent stagnation node) 
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vectors between successive instantaneous recorded PIV images at each plane down- 
stream. It must be noted that each instantaneous plane is derived from a separate 
experiment. By selecting a contour cut-off with a low standard deviation, as would 
be expected in free stream conditions, the extent of the turbulence in the wake can 
be visualised. 
Contour plots of or for the in-line and -6° yaw cases are presented in Figure 6.8. 
The extent of the wake at two planes; X/D = 0.55 and X/D = 2.5 downstream 
are shown. The profiles between the in-line and yawed cases are similar but with 
a slightly larger wake excursion and higher v in the in-line case. The fact that the 
wake excursion was not larger in the yawed case may be attributed to the lack of 
separation on the leeward side of the wheel with the hub cavity filled in. In Figure 
6.9 a series of planes are plotted in 3-D to show the shape and extent of the wake 
downstream. These plots show that the overall size of the wake is similar especially 
in the first three planes of the near wake region. Further rearward, the wake appears 
larger and to extend upward in the in-line case. 
In chapter 5, data were obtained from X-planes situated in the wheel wake region 
under the overhang between the vertical Y-plane centre-line and the rear most point 
of the wheel. (as shown for the in-line rotating wheel in Figure 5.28). The same 
experimental conditions were applied for a yawed wheel at an angle of +6°. Cross- 
flow vector plots of the results are shown in Figure 6.10. Close to the centreline, 
at X/D = 0.24 the direction of the flow appears to be upward and as with the 
inline case, probably dominated by the wheel induced viscous flow near the tread 
face. Further rearward, there is a much less symmetric flow field than the in-line 
case, with evidence of a net flow across the width of the wheel from the windward to 
leeward side. At the rear of the wheel (X/D = 0.5) counter-rotating vortices are not 
apparent, although a large skewed anti-clockwise circulation is evident. It is likely 
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(c) In-line, X/D = 2.5 (d) -6° yaw, X/D = 2.5 
Figure 6.8: X-planes at X/D = 0.55 and X/D = 2.5 downstream of an in-line 
and -6° yawed 38% pneumatic racing wheel, contours of Standard Deviation a 
above 0.11 are plotted 
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(b) - 6° yaw 
Figure 6.9: Contours of Standard Deviation a above 0.11 in the wake of the 38% 
pneumatic racing wheel for in-line and -6° yawed flow 
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(d) X/D = 0.39 
(e) X/D = 0.48 
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(f) X/D = 0.50 
Figure 6.10: Non-diniensionalised X-plane crossflow vectors, 38% +60 yawed 
rotating pneumatic wheel, small CP 
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6.1.3 Results of Camber Experiments 
The camber angle is defined as the angle of wheel slant away from vertical when 
viewed directly from the front or back of the vehicle and is expressed in degrees. It 
is considered negative when the top of the tyre is angled inward toward the centre of 
the vehicle and positive when the top is angled away from the centre of the vehicle. 
By identifying a suitable static camber angle, the bottom of the outer tyre is forced 
towards the centre of the car. The pre-set camber is intended to compensate for 
this effect and ensure that the contact patch is as large as possible and not unduly 
distorted. This will result in the best use of tyre grip through corners. Typical 
camber angles of 2° were tested and again, because of model support arm asymmetry, 
experiments with both positive and negative camber angles were obtained. In these 
isolated wheel experiments, a left hand slant angle is defined as `positive' and a right 
hand slant angle `negative' and the left and right side faces of the wheel as viewed 
by the camera are respectively associated with these angles. 
Figure 6.11 shows the vorticity directly behind the trailing wheel edge (X/D = 0.55) 
and further downstream (X/D = 4). The upper shoulder vortices behind the wheel 
are largely unaffected by 2° of wheel camber and are in a similar position and of 
similar strengths to the in-line case. The trajectory of the down-flow between the 
upper vortices was initially vertically downward as it passed between the upper vortex 
pair, but there was evidence that the downward path of this flow was interrupted in 
the lower wake region due to more significant asymmetry of the flow closer to the 
ground. Vortex pair or other flow asymmetries about the vertical X-plane centre-line 
in the lower region might be expected due to the more triangular shape of the contact 
patch as a result of wheel camber. In the case of positive wheel camber, the effect 
would be somewhat similar to having a large contact patch on the left side with 
consequently more blocking of the flow and a small contact patch on the right side, 
with flow escaping into the wake through the gap between the right hand edge of the 
contact patch. The circulation plots in Figure 6.12 for both positive and negative 
camber angles of 2° indicate that, as with the in-line case, positive circulation on the 
right hand side of the wheel is slightly greater. The significance of camber angles 
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up to 2° on circulation up to X/D =4 is therefore small and the fact that positive 
circulation is a little higher may be more to do with asymmetric effects, such as 
disturbance from the wishbone wheel support on the left hand side of the image. 
6.1.4 Variation of Contact Patch With Yaw and Camber 
This section describes the results from the experiment carried out to compare flow 
features associated with a yawed wheel with a small and large contact patch. Most 
of the experimental results related to both yaw and camber were however based on 
a wheel with a small contact patch. With a large contact patch, a much higher 
slip angle side force was generated by the wheel in a yawed configuration. Due to 
the mechanical limitations of the carriage and mounting system, it was not easy 
to collect reliable experimental data for a cambered pneumatic wheel under these 
circumstances. 
The most significant difference in the flow between large and small contact patch sizes 
is likely to be associated with the base region of the wheel wake where it is influenced 
by the shape of the tyre contact with the road and the extent of the gaps at the sides 
of the patch as shown in Figure 6.13. The shape of this patch was measured from the 
static compression of the wheel on the glass road in the water tunnel. The contact 
patch of a yawed wheel will not only be asymmetric in terms of the yaw angle, but 
it will be distorted by the force on the tyre which is dependent on slip between the 
tyre and the road surface. By increasing the CP size, the shape of the patch will 
again change due to the additional frictional force from increased wheel loading. The 
effect of contact patch variation on the wheel wake is principally associated with the 
variations in the `jetting flow' close to the ground. Thus the wake is mainly influenced 
by: 
1. The lateral extent of the region sealed by the tyre 
2. Changes in the shape of the tyre close to the ground 
























































Figure 6.11: X-plane, just behind the rear of the wheel and further downstream 
of a +2° cambered 38% pneumatic racing wheel, non-dimensionalised vorticity and 
velocity vectors 
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Figure 6.12: Circulation plotted against downstream distance in the wake of a 











(a) Camber (b) Yaw 
Figure 6.13: Tyre contact size (blue) for in-line and cambered or yawed wheel; 
`A' inline, low downforce; `B' Cambered/yawed, low downforce; `C' inline, high 
downforce; `D' Cambered/yawed, high downforce. Wheel moving from right to 
left 
4. Asymmetry of the overall flow due to yaw and to a lesser extent, camber 
In terms of the 3-D geometry in the region around the point of tyre contact with the 
road and the shoulder and side-walls of the tyre, the most significant difference could 
be associated with the cambered, small CP case. In cambered configuration with a 
large CP the side-wall to side-wall extent of the contact patch blocks the gaps at the 
sides of the contact patch and may negate any significant flow variations that can be 
attributed to camber angle. As a result of this, in terms of the behaviour of the flow 
field, one might expect there to be a more significant difference in the lower wake of 
a lightly loaded cambered wheel. 
The vorticity plots in Figure 6.14, compare the flow behind the yawed wheel in both 
small and large CP configurations. The skewed upper vortex pair is the dominant 
feature in both images, but the vortices are slightly more patchy and ill-defined in 
the large CP case. A smaller vortex each side of the wheel is also visible at the 
mid height and these are of opposite sign to the upper vortex pair and in the large 
CP case, these vortices are much weaker. In both contact patch experiments and, 
as with all other experiments carried out on wheels and cylinders during this study, 
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probable that due to their location at the wheel's rear edge they are associated with 
an interaction between the localised upwards flow on the tyre wall induced by viscous 
forces and predominantly stream-wise flow a little further outboard. In the case of 
a large CP, cutting off the flow under the sides of the contact patch may reduce the 
induced flow around the wheel and hence reduce the strength of any potential mid- 
height vortices. The lower wake regions are similar except for the lower left-hand 
negative vortex, which, in the large CP case, is considerably stronger in terms of 
its peak vorticity, but not maintained further into the wake, where, in both cases, 
vorticity is weak and patchy until the upper vortex pair descends and merges with 
this area at about X/D =1 downstream. 
In terms of the shape of the overall wake up to X/D =4 downstream, the plots of 
Figure 6.15 show significant standard deviation a above a threshold of o, = 0.1 as 
viewed from above and behind the wheel and associated wake. In the lower near 
wake region (below Z/D = 0.5) the turbulent region extends laterally outward on 
the leeward face of the yawed wheel and is of roughly similar shape for both small 
and large CPs. Horizontal standard deviation at Z/D = 0.05 above the road at 
X/D = 0.52 is plotted in Figure 6.16(a). The lateral extent of the turbulence in the 
wake can be seen to be offset to the right of the centreline and whilst plots of small 
and large CP cases are similar, higher turbulence is apparent in the base region of 
the large CP case. 
In the lower wake region further downstream, two distinct areas of unsteady flow 
are visible either side of the longitudinal centreline for the large CP case, as shown 
in Figure 6.15(b). This is less evident in the small CP data with a broader area 
of unsteadiness across the extent of the turbulent region. However looking at a 
horizontal line of standard deviation data at a height of Z/D = 0.05 and extending 
across the width of the image at a downstream plane of X/D = 4, the resulting 
standard deviation plots are very similar (see Figure 6.16(b)) 
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Figure 6.14: Non-dimensionalised vorticity in the near wake (X/D = 0.52) of a 
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(b) Large CP 
Figure 6.15: Planes of Standard deviation in the wake of a +6° yawed 38% 
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(b) X/D =4 
Figure 6.16: Standard deviation at Z/D = 0.05 of the flow in the wake of a +6° 
yawed 38% pneumatic wheel for small and large contact patches 
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6.2 Hub Cavity Flow 
The effect of sealing the hub cavity with a flat plate was shown in chapter 4 to reduce 
overall drag on a rotating wheel and it was thought that the possibility of attached 
flow along significant portions of the side face of the wheel was instrumental in this 
drag drop. The results of Mercker & Berneburg (1992) concur, showing a drag drop 
of 27% with faired wheels which they attributed to weaker ground vortices due to 
improved entrainment of air from the side face of the wheel. In the case of isolated 
rotating cylinders or racing wheels, there are two possible scenarios with respect to 
open wheel cavities. The first is simply a `blind' cavity on one or both sides of the 
wheel whereby no net airflow through the model is possible. The second, allows for 
the possibility of a net airflow through the cavity from one side of the wheel to the 
other. Each of these configurations is likely to result in a different local flow field 
in the vicinity of the hub and possibly in the local wake of the model. This section 
focuses on the flow features associated with blind cavities due to the fact that the 
models tested in the water PIV experiments did not have a hub configuration that 
allowed flow to pass from one side to the other. 
Figure 6.17 plots the ensemble-averaged flow along the side of a small aspect ratio 
cylinder with a hub cavity of half the depth of the wheel width and a comparison plot 
of the same wheel with a flush fitting fairing to block the cavity. In the lower region, 
the vorticity associated with the jetting flow at the front of the contact patch is visible 
and of similar strength in both cases. The region above about Z/D = 0.25 in the hubs 
off configuration, shows evidence of more patchy areas of vorticity extending laterally 
further from the side face of the model. This is thought to be due to unsteadiness 
in the complex hub induced flow field and its interaction with the oncoming free 
stream flow along the side face of the model. The hubs on and off comparison of 
standard deviation, u, between successive runs, shown in Figure 6.18 indicates that 
the unsteadiness due to the exposed hub cavity extends further laterally from the 
side face of the model. The cavity flow thus increases the extent of the wake, giving 
rise to a drag increase. 
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(b) Hubs off 
Figure 6.17: Non-dimensionalised vorticity and velocity vector plots of the flow 
alongside a small aspect ratio cylinder with and without hubcaps (X/D = 0) 
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(b) Hubs off 
Figure 6.18: Standard deviation and velocity vector plots of the flow alongside 
a small aspect ratio cylinder with and without hubcaps (X/D = 0) 
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Unsteady Wake Measurements 
This chapter describes the results of a series of hot-wire anemometry experiments 
that were carried out in air, using the Honda wind tunnel with its associated rolling 
road and boundary layer control system. The aim was to look more closely at the 
unsteadiness in both the wake of the wheel and also a number of key locations asso- 
ciated with the most significant wheel related flow features such as the jetting region 
near the contact patch and the flow over the top of the tyre. 
The data are presented in terms of spectral response, correlation and coherence pro- 
cessed from time series data collected over three tunnel and road speed ranges for both 
rotating (rolling road matched to air speed) and non-rotating (rolling road stopped) 
conditions. The wheel used for these investigations, was a 38% scale pneumatic slick 
tyre model, the same as that used during the water PIV experiments. Tyre contact 
patch was adjusted to be the same size as that used in the small CP configuration of 
the water PIV experiments. This configuration provided the most stable operation 
in terms of the rotating contact with the rolling road at the three chosen speeds 
shown in table 7.1. The Reynolds number of the experiments at velocity of 24ms-1 
was slightly lower than that obtained for the majority of the testing in the water 
tunnel experiments. These Reynolds numbers are compared in table 7.2 with those 
obtained in a typical 50% scale model wind tunnel test and also, what would be ob- 
tained during full-scale operation at a nominal speed of 150mph on the race track. A 
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comparison of Strouhal number against increasing Reynolds number was also carried 
out over an Re range of 1.25x105 to 6x105. 
Air and road speed Reynolds Number 
7.7 ms-1 1.33 x 105 
15 ms-1 2.58 x 10 
24 ms-1 4.13 x 105 
Table 7.1: Hot-wire experiments: Reynolds number based on the 38% pneumatic 
wheel model diameter D=0.254 
Condition Actual Velocity Reynolds Number 
Water tunnel experiments 1.875 ms-1 4.75 x 105 
Wind tunnel with 50% F1 wheel 50 ms-1 1.11 x 106 
Full-scale (150mph) 67 ms-1 3x 106 
Table 7.2: Reynolds number comparisons 
7.1 Measurement of Turbulence Intensity in the 
Honda Tunnel 
The turbulence intensity, I,,. of the empty tunnel was measured with a hot-wire 
probe at the location of the model with other associated tunnel functions operating, 
including the rolling road (at the same velocity as the air) and the boundary layer 
suctions. Standard record lengths of 32,768 points were acquired at 2000Hz giving rise 
to a sample time of 16.4 seconds. For the discrete record the turbulent fluctuation, 
u1', is the mean velocity, ü, subtracted from each discrete velocity point, Ui namely 
ýi=Ui -. (7. i) 
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The turbulence strength is defined as the standard deviation or rms of the fluctuations 
in the free stream flow and therefore, for discrete, equi-spaced points 
au =N 1=: (Ui (7.2) 
The turbulence intensity, I,,, can therefore be expressed as a percentage of the tur- 
bulence strength divided by the mean free stream velocity, U,, as 
100 = a/00. (7.3) 











Figure 7.1: Discrete time signal, calibrated in terms of velocity U,, (ms 1), frone 
a hot-wire mounted above the rolling road in the free stream of the empty Honda 
wind tunnel. 
The rms background electrical noise based on a hot-wire signal obtained with the 
wind tunnel not running was acquired, followed by data with the tunnel running 
with an empty test-section, at a speed of about 27ms-1 and the resulting turbulence 
intensity, I,,, of the Honda Tunnel was found to be 0.11% 
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7.2 The Unsteady Wake of a Stationary Wheel 
and Reynolds Number Effects 
A stationary pneumatic wheel was mounted via a faired axle to a streamlined centre- 
body. This assembly was attached to the tunnel model support strut which could be 
adjusted in height (Z-axis) to achieve the required contact between wheel and rolling 
road surface. Fine Z-axis adjustment was made to reproduce the same contact patch 
size that was used during experiments in the water tunnel and this was matched to 
the previously established smaller CP size. 
To pick up disturbances associated with the main vortices shed into the wake, along 
with those relating to the fluctuations in the shear layer, a single hot-wire probe was 
mounted in the flow just outside the shear layer above and behind the wheel at a 
position, X/D = 1.5, Y/D = 1, Z/D = 1.2. To identify the most suitable probe 
location, the average free stream velocity was continuously monitored as the hot-wire 
probe was traversed laterally towards the wheel. The location was chosen based on 
no more than a 5% drop in free stream velocity. Three different stationary wheel 
configurations were tested over a Reynolds number range of 1.33x105 to 4.13x105. 
The wheel configurations were: 
" Stationary wheel in contact with the road (AR = 0.52) 
" Stationary wheel with 3mm gap between wheel and road 
" Stationary double-width wheel in contact with the road (AR = 0.95) 
The resulting discrete time records of hot-wire data were processed using an FFT 
routine to provide spectral plots up to half the Nyquist sampling frequency. The 
data are presented in terms of non-dimensionalised Power Spectral Density (PSD) 
against Strouhal number. Figure 7.3 shows a typical PSD from the stationary wheel 
at a tunnel speed of 15.4ms-1 (Re=2.65x105). A spectral peak is apparent at a 
Strouhal number of St=0.24 or a frequency of 11.1Hz. 
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(b) Double width wheel 
Figure 7.2: 38% pneumatic wheel models mounted in the Honda wind tunnel 
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Figure 7.3: Typical PSD plot from the outer shear layer of the upper wake region 
(X/D = 1.5, Y/D = 1, Z/D = 1.2) of a stationary 38% pneumatic wheel at a 
tunnel speed of 15.4ms-1 
The Strouhal number of about St=0.24 is typical of Von Kdrmän vortex shedding 
from a 2-D circular cylinder, although we know from experimental studies such as 
Bearman & Zdravkovich (1978), that Von Kärmän instabilities from the separating 
flow around 2-D cylinders is suppressed by presence of the ground plane. In this case, 
the shedding is more likely to be related to a gross wake instability as a result of flow 
around the sides of the wheel given the low aspect ratio of 0.52. 
In order to gain further insight into flow instabilities around a stationary wheel in 
ground contact due to changing aspect ratio, two wheels were attached to each other 
to form a double-width wheel, as shown in Figure 7.2(b). The gap between the 
wheels was bridged to form a large, smooth tread surface, of similar roughness to 
the rubber on the tyre of a single wheel. The PSD plot is shown in Figure 7.4(a) 
and although the total power, or the area under what are rather broadband peak, 
are the same between single and double width, the double width wheel has a lower 
spectral peak frequency at St=0.19 as opposed to the single with wheel at St=0.24. 
These Strouhal numbers were in a similar range to those found by Bearman (1997) 
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Figure 7.4: PSD plots just outside the shear layer in the upper wake region 
(X/D = 1.5, Y/D = 1, Z/D = 1.2) of a stationary 38% pneumatic wheel model 
at a tunnel speed of 15.4ms-1 
Therefore, there is evidence that the spectral peak is positioned at a higher fre- 
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quency for the lower aspect ratio wheel experiment. Previous results from unsteady 
measurements in the wake of finite aspect ratio cylinders show a decrease in peak 
frequency as the aspect ratio gets smaller, such as Park & Lee (2000), but in those 
cases, the measuring position of the hot-wire was situated nearer to the shear layer 
associated with the separated flow from the circumference of the cylinder rather than 
the shear layer above and behind one side of the wheel, as in this case. The aspect 
ratios in those experiments were also considerably larger than the larger AR wheel 
used in this experiment. Due to the likely dominance of the end effects and general 
three-dimensionality of the wheel wake, these fluctuations are likely to originate from 
unsteady separation points of the fluid around the sides and curved tyre profile. The 
higher spectral peak energy associated with the double width wheel is likely to be 
related to the stronger shoulder vortices as a result of lower base pressure and greater 
lift. 
---t-- Single width, no gap 
Double width, no gap 










Figure 7.5: Comparison of peak non-dimensional frequencies with respect to 
increasing Reynolds number at a location of X/D = 1.5, Y/D = 1, Z/D = 1.2 
behind a stationary wheel for 3 configuration variations 
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For a stationary wheel in contact with the ground and for an experiment with a small 
3mm gap between the road and the wheel, the shape and spectral frequency peak was 
similar although for a wheel with a gap, higher spectral energy was noted at lower 
frequencies and lower energy at the peak frequency compared to the no-gap plot (see 
Figure 7.4(b)) Also, with a much larger gap of 35mm, more broad-band energy was 
apparent at lower frequencies in the range up to St=0.2 which could be related to the 
start of a type of typical cylinder shedding at higher aspect ratios as in the 2-D case. 
At St=0.35 a much narrower spectral peak was noted for the wheel with a 35mm gap 
and it is possible that separation was taking place further rearward on the sides of 
the wheel or at the lower rear tyre shoulders, as lower frequencies are associated with 
separation from the sides of the wheel further upstream which would certainly be the 
case with the lateral flow each side of the contact patch with the wheel in contact 
with the floor albeit in the boundary layer of the floor. 
Small changes in the non-dimensional frequency of the spectral peak (Strouhal num- 
ber) were noted over a range of Reynolds numbers for a stationary wheel, with ev- 
idence of a slight increase in Strouhal number as Re was increased. A small gap 
underneath the wheel to allow the flow to pass through, followed a similar trend. A 
lower average Strouhal number was noted for a double width, stationary wheel, but 
as Re was increased, there was evidence that the Strouhal number decreased slightly. 
(See figure 7.5). Although it is difficult from these investigations to be sure of the 
causes of spectral variations, what is clear is that the closing of the gap between the 
wheel and the road is significant in altering the characteristics of the wheel's wake. 
To gain a much more thorough understanding of possible causes of the differences in 
the spectra for the stationary wheel configurations shown here, a much more detailed 
experimental investigation would be necessary which was not considered justified for 
the purposes of this study. 
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7.3 The Unsteady Wake of a Rotating Wheel 
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7.3.1 Gross wake Instabilities 
The hot-wire probe was mounted in the wake flow position of X/D = 1.5, Y/D = 
1, Z/D = 1.2 (blue marker in Figure 7.6), which was the same location as the 
stationary wheel experiments. The rolling road speed was matched to that of the 
air. The resulting PSD plots from an air and road speed of 7.7,15.4 and 24ms-1 are 
shown in Figure 7.7. The most significant feature relating to data from a rotating 
wheel, is the sharp narrow-band spike at St=0.32 observed to the right of the much 
broader spectrum peak. This corresponds exactly to the rotational speed of the wheel 
(St = 1/ir) and although it could be a result of perturbations in the wake as a result 
of a mechanical imbalance of the wheel in terms of the weight distribution around its 
axis, it is more likely to be due to the geometry not being perfectly axi-symmetric. 
Apart from this narrow band peak due to rotation, the broader spectrum is similar 
in shape to that of a stationary wheel, with an identifiable peak at a slightly lower 
Strouhal number compared with the stationary case, for each of the tested speeds. 
At 15.4ms 1 or Re=2.65x105 the Strouhal number was 0.19 as opposed to 0.24 for 
the stationary plot. At the higher speed of 24ms-1, identifiable peaks were present, 
but the signal was subject to greater noise across the frequency spectrum. Figure 
7.8 shows the cross spectral density (CSD), phase and coherence of the probes in the 
upper wake position for an air and road speed of 15.4ms-1. The signals from each 
side of the wheel achieved maximum CSD at the broader band peak of St=0.19 and 
also significant CSD at the frequency of the narrow-band wheel rotational spike. The 
phase lag is small throughout the region of highest CSD and the coherence of the two 
signals is reasonably strong at 0.64 suggesting the gross upper-wake is oscillating as 
one, ie in-phase. At all other frequencies including the frequency of the sharp spike 
from wheel rotation, the coherence is low although at the rotational frequency spike, 
the signals are in anti-phase with each other as would be expected from a source 
derived from a mechanical wheel or geometric imbalance. 
Moving the hot-wire probe to a position above the shoulder vortices at X/D = 0.5, 
Y/D = 0.1, Z/D = 1.2 (red marker in Figure 7.6) revealed a spectrum with quite 
difference characteristics (Figure 7.9). The broad spectral peak at or around the 
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rotational frequency was not present and there is evidence of broader low frequency 
energy in both stationary and rotating wheel cases, suggesting more random but 
slowly changing movements in the wake above the wheel. In the rotating wheel case, 
a number of narrow band spikes are visible at the same Strouhal number in all three 
speed ranges. Interestingly, these appear to be harmonics of a frequency spike at 
St=0.29. This is not the rotational frequency of St=0.32 (St=1/7r), but is clearly 
related to the action of rotation because it is not present in the stationary data. The 
peaks are so sharp that the source is very likely to be mechanical, geometric or other, 
relating to the action of rotation. 
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Figure 7.7: PSD plots of a stationary and rotating 38% pneumatic wheel model at 
3 tunnel/road speeds for a hot-wire probe in the upper wake position (X/D = 1.5, 
Y/D = 1, Z/D = 1.2) 
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Figure 7.8: Cross-Spectral Density (CSD), phase and coherence plots for hot- 
wire probes in the upper wake position (X/D = 1.5, Y/D = 1, Z/D = 1.2) of a 
rotating wheel at a speed of 15.4ms-1 
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Figure 7.9: PSD plots of a stationary and rotating 38% pneumatic wheel model 
at 3 tunnel/road speeds for a hot-wire probe in the shoulder position (X/D = 0.5, 
Y/D = 0.1, Z/D = 1.2) 
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7.3.2 Fluctuations in the Jetting Flow 
A significant feature of wheel flow is the strong jet of fluid flow being forced outward 
in a lateral direction normal to the free stream either side of the wheel contact region. 
By positioning the hot-wire probe near to the outside of the shear layer associated 
with the jetting flow and close to the floor (positioned close to the lower side of the 
wheel; X/D = 0.5, Y/D = 0.78, Z/D = 0.08 indicated by the green marker in Figure 
7.6) a comparison could be made between the fluctuations as a result of unsteadiness 
in the jet and the gross wake fluctuations observed in the previous section. The 
main aim of this experiment was to establish if instabilities and Strouhal number 
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Figure 7.10: Comparison of spectral peaks from the hot-wire probe near the 
jetting flow (X/D = 0.5, Y/D = 0.78, Z/D = 0.08) and the wake flow (X/D = 1.5, 
Y/D = 1, Z/D = 1.2) for a 38% pneumatic wheel at 15.4ms-1 or Re=2.65x105 
A PSD plot of this comparison is shown in Figure 7.10 and in both sets of data the 
characteristic sharp peak associated with wheel rotational frequency is present. In 
the case of wake flow, the spectral peak at St=0.19 is present, but this is absent 
from the jet flow plot. Instead there is evidence of a broader peak just before the 
wheel rotational frequency at St=0.3. This may suggest that the lower frequency in 
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the wake is a gross instability and not directly related to that of the jet flow. Weak 
positive correlation of 0.2 from a pair of probes mounted either side of the wheel in the 
upper wake allude to the possibility of a large scale instability. The higher frequency 
peak found at the position of the jet, is likely to be associated with Kelvin-Helmholtz 
eddies and instabilities within the shear layer due to the strong velocity gradient in 
the separated shear layer from the jetting flow which were noted from instantaneous 
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Figure 7.11: Instantaneous Z-plane, just above the road (Z/D 0) PIV plot of 
velocity vectors and magnitude with streamlines along the shear layer 
7.3.3 Correlation and Coherence in the lower wake region 
Taking a pair of points near the floor just outside of the jetting flow shear layer 
(X/D = 0.5, Y/D = +0.78, Z/D = 0.08, the green points marked in Figure 7.6), 
either side of the wheel and noting the correlation as the twin probe assembly is 
moved downstream gives an indication of the relationship between flows on either side 
of the wheel. This is shown in Figure 7.12 for points up to X/D =3 downstream. 
Small negative correlation is apparent except for a region toward the rear edge of the 
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wheel where there is very little correlation. This is a region where 3-dimensionality 
in the flow would be strongest, with the combination of wheel induced upward flow 
combining with the shoulder vortex induced down-flow and reversed flow in the lower 
base region. Behind the rearmost point of the wheel, correlation gradually becomes 
more negative, but the drop is small. Linear correlation gives only an indication of 
what is happening in the wake given that correlation is only processed for a delay of 
zero between the two hot-wire signals. Small delays or phase angles between signals 
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Figure 7.12: Downstream correlation coefficients for a pair of hot-wire signals 
where the probes were mounted at equal distance from the Y-plane centreline at 
Y/D = 0.78, Z/D = 0.08. Circle to the left indicates wheel profile 
So in order to investigate this further and to obtain a better understanding of the 
correlations in Figure 7.12, the cross spectral density, coherence and phase are plotted 
for short sample length data sets (32,000 samples)at downstream locations of X/D = 
0 (at the wheel centre-line), X/D = 0.4 (at the point of peak correlation in 7.12) 
and X/D = 2.4 (furthest measurement point downstream) where Y/D = ±0.78 and 
Z/D = 0.08 for all X-axis positions and are shown in figures 7.13,7.14 and 7.15. 
Because of the short sample length, the definition of the sharp spike as seen in Figure 
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7.10 are less refined and therefore not as visible in these plots. However at X/D =0 
the CSD is strongest at about St=0.27. The coherence rises to 0.6 at the peak CSD 
value but the phase shows a rapid switch from out-of-phase to in-phase at the same 
point. Further rearward, where the correlation approaches zero, the coherence is 
lower and again the phase is transient. This can be expected as this is not a well 
ordered oscillating flow but appears to be a weakly correlated broad spectrum flow. 
The phase transience in these plots suggests that there are possibly two phenomena 
contributing; a low frequency motion which is in-phase and a higher frequency anti- 
phase contribution much closer to the wheel. Further downstream at X/D = 2.4 
(Figure 7.15), at the Strouhal number of peak cross-correlated power, there is a small 
rise in coherence and the signals are approximately out-of phase with each other 
suggesting the gross far wake is dominated only by the remains of this oscillation. 
7.4 Summary of Unsteady Wheel Flow Features 
In the lower near wheel wake, there appears to be a broad peak centred about a 
Strouhal number of St=0.24 for the stationary wheel case and St=0.19 for the rotating 
wheel. A sharp narrow band spike was present at St=0.32 (the rotational frequency) 
in data from a rotating wheel. It has been shown by Bearman & Zdravkovich (1978) 
that Von Karmin vortex shedding around a large aspect ratio or 2-D cylinder is su- 
pressed by the presence of the ground. This is confirmed by Zdravkovich et al. (1989) 
on low AR cylinders, which highlight the significant and often dominating effects of 
the free ends on parameters such as drag. Therefore some of the shedding features 
and frequencies seen in the unsteady wheel wake can be likened to more general flow 
around bluff bodies such as rectangular cylinders, but because of the changing ge- 
ometry in the Z-plane, a considerably more complex flow field is likely. The effect of 
rotation complicates this further, with evidence from earlier drag measurements that 
the action of rotation may encourage the flow to remain attached to the side faces 
of the wheel except of course, in the lower side region on each wheel face, where the 
action of the jet ensures separated flow on the side faces of the wheel up to about 
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Figure 7.13: Spectral responses for an isolated rotating wheel at the edge of the 
lower wake at X/D =0 
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Figure 7.14: Spectral responses for an isolated rotating wheel at the edge of the 
lower wake at X/D=0.4 
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Figure 7.15: Spectral responses for an isolated rotating wheel at the edge of the 
lower wake at X/D = 2.4 
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Z/D = 0.25. 
In general terms, the gross unsteady rotating wheel wake appears to oscillate laterally 
and more so in the lower base region. The left and right vortex of the lower vortex 
pair appear to alternate in terms of their strength and size at frequencies a little 
lower than the rotational wheel frequency. Further flow visualisation experiments 
were carried out using a high speed camera set to record images at 200Hz and an 
argon-ion continuous beam laser generating a light sheet positioned at X/D = 0.52, 
just behind the wheel, the smoke based flow visualisation pictures in Figure 7.16 show 
instantaneous images from three consecutive camera frames. 
The lower vortex pair is visible in each image, but the strength of the left and right 
vortex is different. At the first timestep, t=0 the vortex on the left is larger indicated 
by the large white arrow. At t=5ms, this vortex appears to have moved inward 
latterally, followed at t=10ms by a reduction in size of the left hand vortex to match 
the size of the right and both sides now appearing to be more symetrical about the 
wheel's vertical X-plane centre-line. By studying other sequences these characteristics 
do not repeat cyclicly, but may show the right vortex to be larger, or for both to 
be larger then both to be smaller. Higher coherence relates to the oscillating and 
predominantly latteral oscillating movement of the lower vortex pair which would 
possibly explain the reason why broader spectral peaks were seen in most of the 
preceding plots. Ensemble-averaged PIV data in the X-plane, just to the rear of 
the wheel generally displayed the upper vortex pair as being strong and relatively 
well defined compared to the lower vortex pair, which were much more patchy at 
this near wake location. Only further downstream, after merging with the upper 
vortex pair does the lower pair become more coherent. In light of the spectral data 
presented here, this could be a result of a gross lower near-wake instability smearing 
the lower vortex pair considerably more than the upper shoulder pair. If this were 
mainly a near-wake phenomenon, then the coherence seen in the lower vortex pair 
after approximately X/D =1 downstream, might be explained by this. 
The upper wake and shoulder vortex position do not appear to oscillate as much, but 
because of the higher energy at lower Strouhal numbers, it is suggested that the upper 
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vortex pair may shift position in the X-plane, either laterally or vertically at more 
random and longer time intervals. This is thought to be a result of the separation of 
the flow around the curved upper and rear sides of the tyre profile and PIV images 
from sharp edged cylinders suggests that the amount of tyre corner sharpness has an 
effect on the extent of upper vortex movement in the X-plane. The sharper the tyre 
corners, the more the separation regions at the rear of the wheel are fixed and the 
steadier the upper vortex position is, within the X-plane field. 
The general conclusion from the hot-wire study is that wheel wakes are unsteady and 
fluctuate due to a number of different instabilities. In any numerical simulation of a 
wheel flow it may well be important to model correctly these unsteady processes. 
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The Interaction between Racing 
Car Wheel and Front Wing Flows 
This chapter presents the results obtained from PIV experiments carried out in the 
Honda wind tunnel on a 50% Williams Formula 1 front wheel and wing assembly. 
Although some conclusions are drawn, a more in depth discussion of these results is 
reserved for the subsequent discussion section of this thesis. To obtain information 
about the behaviour of the trailing vortex system of the Williams front wing, the 
wheel was removed from the experiment so that the wake of the wing in isolation, 
but mounted to the centre-body, could be analysed. Both the wing and wheel were 
then included to provide information about the (in-line) baseline configuration; that 
is, a configuration that places the wing and wheel in their correct and typical geo- 
metric positions. Subsequently, further experiments were carried out to establish the 
aerodynamic effect of modifications such as wheel rotation, yaw, camber and front 
wing geometry changes. Unless otherwise stated, all of the results presented are based 
on ensemble-averaged data from the 80 instantaneously recorded data fields. 
CHAPTER 8. THE INTERACTION BETWEEN RACING CAR WHEEL AND 
FRONT WING FLOWS 
8.1 Description of Interrogation Planes and Iso- 
metric Models 
A number of positions of observation were employed as shown in Figure 8.1, both 
based on cross-flow PIV data from the wake of the wheel and wing assemblies with 
the camera mounted downstream. These were referred to as Phase 1 and 2. In phase 
1, the camera was mounted laterally (in the Y-axis) such that the wheel, as viewed 
from behind, was framed in the centre of the interrogation window. In phase 2, the 
wheel was framed to the right of the window, allowing maximum inboard flow (flow 
between centre-body and wheel) interrogation and, subsequently, to the left of the 
window, allowing maximum outboard flow interrogation (flow along the outside face 
of the wheel). For the purposes of this chapter, results from both phases will be 
considered together. 
The data in this thesis are presented graphically and these plots include isometric 
models representing the wing and wheel. Pictures of these models and the corre- 
sponding images are shown in Figure 8.2. This figure also indicates the main features 
of the wing and wheel and for the purposes of describing the results, references will 
be made to these features. The wheel support arm, visible in the wheel image (Figure 
8.2(b)) is not included as an isometric model in the results plots. All of the interro- 
gation planes downstream of the wing are defined with reference to the X-distance 
divided by the wheel diameter, with X/D =0 being the vertical Y-plane centre-line 
of the wheel and Y/D =0 being the vertical X-plane centre-line of the wheel wheel. 
8.1.1 Vortex Identification 
The isolated wing model mounted on a centre-body produces a system of 7 distinct 
vortices on each side of the car, of which 5 originate from the front wing. These have 
been identified in Figure 8.3(a). The strongest of these is produced by the wing fence 
located roughly half way between the centre-body and the endplate. This vortex 
is a result of the wing's span-wise curvature where the central region of the wing 
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Figure 8.2: Representation of actual images and the equivalent isometric models 
used for plotting data. Plots are non-dimensionalised with wheel diameter 
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is closer to the ground, enhancing ground effect and lowering the pressure in this 
region compared to the region further outboard. By placing a fence in the location 
shown, the enhanced downforce is concentrated under the central region of the wing 
and a well formed vortex is generated in a position where it can interact favourably 
with features of the car located downstream. The resulting pressure difference either 
side of the fence leads to this strong vortex which passes between the wheel and the 
centre-body. There is a system of 4 further vortices which are associated with the 
wing endplate region. The main vortex forms due to the circulation of the wing and 
the remaining 3 vortices are associated with the footplate, canard and endplate. All 
of the endplate vortices are rotating in a clockwise direction viewed from downstream, 
defined by blue contours of negative vorticity. Two other vortices are present, termed 
the upper and lower centre-body vortices and these are associated with a flow around 
the front, right-hand wing support spar. 
The isolated wheel produces four significant vortex structures albeit weaker and less 
coherent in comparison to those produced by the front wing. These are shown in 
Figure 8.3(b). With the laser light sheet located close the rear of the wheel, scattered 
light from the illuminated smoke particles caused significant reflections from the 
grooves in the tyre and although these reflections were reduced by ensuring that the 
complete wheel surface was painted matt black, the reflections were still apparent up 
to approximately X/D = 1.2 downstream. On the right-hand side of Figure 8.3(b), 
patchy but distinct areas of vorticity were present. These were associated with the 
flow around the wheel support axle. 
8.1.2 Isolated Wing 
To understand how the combination of wing and wheel flows interact, it was important 
first to identify the stronger coherent features of the vortices produced by the front 
wing in isolation. All interrogation planes were recorded at the same X-plane locations 
as the combined wing/wheel results with the first plane taken just behind the rear 
wing (close to where the front edge of the wheel would be) and subsequent planes at 
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Figure 8.3: Plots of vorticity identifying the main vortex structures frone the 
isolated wing and isolated wheel 
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and 8.5. The final 8th plane was placed at 50mm rearward of where the rear of the 
wheel would be. Figure 8.3(a) identified the vortex system at the first recording plane; 
X/D = -0.42 which is 37.5mm rearward of the wing's trailing edge and corresponds 
to the data shown in Figure 8.4(a). 
The system of vortices from the endplate and the fence vortex are all negatively 
signed, rotating clockwise. The weaker endplate and canard vortices (marked `D' 
in Figure 8.6(b)) readily merge with the strong main vortex (marked `C' in Figure 
8.6(b)) and by about X/D = 0.5 (or at the location of where the rear edge of the 
wheel would be) have formed a coherent vortex of similar strength to the fence vortex 
(marked `A' in Figure 8.6(b)). Due to the induced velocity of the strong main vortex, 
the fence and footplate vortex (B in Figure 8.6(b)) circulate about the X-axis in a 
clockwise direction roughly about the location of the main wing vortex as they travel 
downstream. The main vortex including the merging endplate and canard vortices, 
follow a trajectory which gradually rises vertically (consistent with the findings of 
Garrood (2004)) until complete merger, then remains at roughly constant height 
further downstream. Concurrently, the system moves gradually inward toward the 
centre-body due in part to the effect of their images below the ground. The two 
remaining vortices appear to circulate about the main vortex in a clockwise direction, 
with the footplate vortex being the next to weaken at approximately X/D = 1.5. By 
X/D =2 the fence vortex is markedly weakening whilst the peak vorticity of the main 
vortex remains comparatively strong. Further discussion of this vortex behaviour can 
be found in chapter 9. 
The lower and upper centre-body vortices are not part of the wake structure of the 
wing, but are significant in that their peak vorticity is, at some planes, close to that 
of vortices from the front wing endplate system. The lower centre-body vortex is 
counter rotating (positive) with respect to all the other significant structures. This 
is formed at the lower edge of the curved (Walrus toothed) wing support strut and 
follows a trajectory close to the centre-body but, with downstream distance, grad- 
ually rises in the vertical direction. It remains coherent for a considerable distance 
downstream, but is far enough away from the wing endplate vortex system not to 
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have any significant influence. The upper centre-body vortex, formed at the upper 
curved wing support edge, weakens significantly by X/D =0 downstream of the 
wing. 
Figure 8.6 shows the progression of wing vorticity downstream with all planes included 
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Figure 8.4: Isolated wing, inboard wheel side, planes 1 to 4, baseline con- 
figuration. Non-dimensionalised vorticity and velocity vectors at 50mm separa- 
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Figure 8.5: Isolated wing, inboard wheel side, planes 5 to 8, baseline configu- 
ration. Non-dirnensionalised vorticity and velocity vectors at 50inin separation. 
(areas bounded by red dashed lines are masks) 
8.1.3 Comparison of Instantaneous Versus Ensemble-Averaged 
Data 
Two PIV vorticity and vector plots are shown in Figure 8.7. Both show cross-flow data 
at X/D = 1.1 behind the isolated wheel and compare the results of instantaneous and 
ensemble-averaged data. A total of 80 sets of instantaneous PIV data were recorded 
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Figure 8.6: Isolated wing, isometric view, baseline configuration. Planes of non- 
dimensionalised vorticity and velocity vectors at 50min separation 
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to yield the ensemble-averaged result. 
In the instantaneous plots the turbulent flow in the wake of the wheel results in 
patches of high intensity vorticity with peak vorticity comparable with that of the 
wing fence vortex. The averaging process makes it easier to identify more structured 
areas of vorticity which are generally characterised as being considerably weaker than 
the instantaneous peaks due to the effect of `smearing' (averaging within the fluctu- 
ating vorticity field), as discussed in chapter 7. In contrast, the peak vorticity from 
structures originating from the isolated front wing were found to be much more co- 
herent and because the position of the vortex in the X-plane remained much more 
consistent between each instantaneous data set, the effect of smearing was also sub- 
stantially reduced. Hence, peak vorticity levels were comparable between a single, 
instantaneous plot and the ensemble-averaged plot for experiments with the isolated 
front wing. 
8.2 Wing and Wheel: The Behaviour of the Wing 
Vortex System 
This section analyses how the vortex system from the wing is affected by the presence 
of the wheel and will focus on the development of the flow as it passes along the inside 
of the wheel (near field) and the ongoing downstream progression of the structures 
(far field). Again results are presented in terms of ensemble-averaged data, but the 
instantaneous data are also useful in building an understanding of the comparative 
levels of unsteadiness associated with this area of the flow. 
8.2.1 Baseline Wing and Wheel Configuration, Flow Fea- 
tures 
The results from the combined wing and wheel assembly in baseline configuration are 
presented here. The baseline configuration refers to the wing, wheel and centre-body 
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Figure 8.7: Rotating wheel and wing. Comparison of instantaneous versus 
ensemble-averaged data at X/D = 1.1 (non-dirnensionalised vorticity and velocity 
vectors) 
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mounted in accordance with the geometry shown in chapter 3, Figure 3.15. The 
assembly was mounted in-line with the free stream air flow and the adjustable wing 
flap angle set to 20°. 
8.2.1.1 Near field 
The plots shown in figures 8.8 to 8.11 were taken with the wing and wheel in place us- 
ing the baseline configuration. Looking at Figure 8.8(a), three vortices are unimpeded 
by the presence of the wheel; two are on the left and are formed as a result of the 
flow around the curved Walrus wing support, marked `A' and the third, a strong neg- 
atively signed fence vortex marked `D', which is clearly visible behind the mid-span 
wing fence. None of the vortices relating to the endplate system are clearly visible at 
the front of the wheel (X/D = -0.42) except for evidence of a patch of negative vor- 
ticity along the inside face of the wheel at the tyre wall height, Z/D = 0.25 marked 
`C'. Below this, marked `B' is the appearance of a vortex that becomes the stronger of 
the pair further rearward. The vortex at `B' is lower and at this interrogation plane 
normal to the circular profile of the wheel, may still to be forced laterally around 
the inner shoulder. A significant feature of the flow at this location would be lateral 
flow around the curvature of the front of the wheel and it is possible that vortices 
passing around the wheel at this point are less well defined due to the oblique angle 
of the vortex with respect to the X-plane. In the lower region, the increasing lateral 
flow (due to jetting) with downstream distance up to about X/D =0 may contribute 
to the trajectory of wing vortices. This is both in terms of their absolute position 
and the principle axis of vorticity with respect to the free stream and also the PIV 
interrogation X-plane, thus leading to potential errors measuring vortex strength. 
At approximately the wheel's downstream vertical centreline X/D =0 (shown in 
Figure 8.8(d)) there is evidence of two of the four previously identified endplate 
vortices passing close to the side of the wheel at a similar vertical position of Z/D = 
0.25 and marked `B' and `C'. One of these (close to the side of the wheel and slightly 
higher) is now weaker than the lower vortex. As this pair of vortices moves further 
downstream (rearward of the downstream vertical wheel centreline) they appear to 
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merge leaving one coherent vortex, visible until X/D = 0.2 (see Figure 8.9(a)) just 
before the rear of the wheel. 
At the rear of the wheel there is little evidence of coherent vortex structures. An area 
of weaker vorticity is apparent which extends into the base region behind the wheel. 
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Figure 8.8: Rotating wheel and wing, inboard wheel side, planes 1 to 4, base- 
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Figure 8.9: Rotating wheel and wing, inboard wheel side, planes 5 to 8, base- 
line configuration. Non-diniensionalised vorticity and velocity vectors at 50mm 
separation 
8.2.1.2 Far field 
Figures 8.10(a) and 8.10(b) shows the development of the fence vortex at X/D = 1.1 
and X/D =2 downstream. The position of this vortex can be seen to rise from 
about 300mm to 400mm above the floor between these two planes. There is very 
little lateral movement between these two downstream planes. A patchy area of 
positive vorticity is visible on the inboard side behind the wheel which is present in 
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downstream planes and appears to follow a relatively straight trajectory downstream. 
This is quite a different feature to the pair of counter-rotating vortices present at the 
same plane in the case of an isolated wheel. An isometric view of significant vorticity 
for all planes is shown in Figure 8.10(c) and it is apparent that the coherent negative 
vortex originating from the wing fence becomes less coherent and more patchy as the 
unsteady wheel wake begins to influence the progression of this vortex downstream. 
The fence vortex is the strongest coherent structure present in the near wake. Its 
peak vorticity significantly weakens between X/D = 1.5 and X/D =2 downstream. 
(see Figure 8.10(c)) Patchy, counter-rotating, positive vorticity extends downstream 
behind the wheel in the lower wake, remaining significantly evident up to X/D = 2. 
This highly energised region is much less significant in terms of size and peak voticity 
in the isolated wheel case and is therefore thought to be a result of the front wing 
vortical structures that pass close to and along the side of the inboard face of the 
wheel. 
8.2.2 The Effect of a Moving Ground Plane 
In a configuration which includes both the wing and wheel, the action of the moving 
ground (at free stream velocity) results in flow differences due to both the road 
boundary condition and the rotation of the wheel. Comparisons of cross-flow velocity 
vectors and vorticity taken for the rotating and stationary wheel at planes near the 
front of the wheel, at the mid axle plane and at the rear of the wheel are shown in 
Figure 8.11. 
At the front of the wheel, corresponding to X/D = -0.42 and shown in figures 
8.11(a) and 8.11(b), the plots are very similar in terms of the direction and size of 
the velocity vectors and the position of the vortical structures. The undisturbed 
fence vortex, emerging vortical activity from the endplate system and centre-body 
vortices all present and visible. The peak vorticity of the wing related structures are 
reduced with a stationary ground plane, likely to be as a result of a thickening of 
the ground plane boundary layer (greatest under the wing leading edge) due to low 
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Figure 8.10: Far field, baseline configuration with a rotating wheel. Planes of 
non-dimensionalised significant vorticity and velocity vectors at 50mm separation, 
from 50mm behind the wheel 
pressure along the underside of the wing. The subsequent reduction in effective wing 
incidence can result in lower lift and hence, weaker vortex strength. 
Further rearward at X/D = 0.04, close to the centre of the wheel downstream, there 
are significant differences, with the endplate vortex system seen as two areas of low 
strength vorticity close to the lower inboard side of the wheel. In comparison, the 
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moving ground plane/rotating wheel data at this plane, reveals a strong vortex next 
to a weaker one passing beside the lower inboard side face of the wheel. A comparison 
of the wake downstream of the wheel is shown by the isometric plots in Figure 8.12. 
The fence vortex is closer to the ground in the rotating case and remains strong and 
coherent until about X/D =1 downstream. In contrast, in the stationary case, the 
fence vortex is positioned vertically higher and decays rapidly at the rear of the wheel 
(X/D = 0.5). 
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Figure 8.11: Wing and stationary wheel (left) compared with rotating wheel 
(right), inboard Wheel side, planes 1 (front), 4 (mid) and 8 (rear) of wheel, baseline 
configuration. Non-dimensionalised significant vorticity and velocity vectors at 
50mm separation 
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8.3 Modified Wheel Wake Structure as a Result 
of the Front Wing 
The influence of the front wing is significant with respect to the shape of the down- 
stream wheel wake. The multiple vortex system passing alongside the wheel even- 
tually merges with the co-rotating lower inboard wheel vorticity. The characteristic 
strong central down flow just behind the wheel, seen in many of the isolated wheel 
plots, is skewed to the inboard (left-hand) side, probably as a result of the wing 
vortices passing along the lower inboard wheel region. The coherent and relatively 
steady wing vortex system seen in isolated wing plots, is subjected to a number of sig- 
nificant flow features associated with the wheel, such as the pressure gradient of the 
wheel, the jetting flow near the front at the floor and toward the rear of the wheel a 
highly turbulent wake with much less coherent wheel vorticity. In ensemble-averaged 
results these factors have the effect of reducing peak vorticity associated with the 
merged wing vortex system due to smearing. 
A comparison of the vorticity in the wake at X/D = 1.1 downstream is shown in 
Figure 8.13. The vorticity range in this plot has been scaled to reflect the typical 
range associated with the wheel vortex system. We know that the peak vorticity from 
the wing is substantially higher than that of the wheel and, thus, it would not be 
possible to clearly identify the vorticity associated with the wheel if the full vorticity 
range of both wing and wheel were plotted. The wing fence vortex to the left of the 
plot indicates this strength. 
Strong red and blue vertical stripes in the central region of Figure 8.13(a) are due 
to reflections of the laser light sheet in the wheel grooves and do not represent valid 
data. However they were much less visible at the same plane with the wing and wheel 
in place. The arbitrary strength of these reflections are thought to relate to variations 
in tunnel seeding density which scatter and reflect light onto the wheel. The lower 
counter-rotating isolated wheel vortex pair is visible and symmetrically positioned 
about the vertical X-plane centre-line, Y/D = 0. In Figure 8.13(b), the front wing is 
present ahead of the wheel and configured for the baseline specification. The lower 
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wake is now substantially different, with vectors indicating flow into the base region 
from the inboard side of the wheel where the vortex pair seen in previous planes had 
been. Increased flow velocities into the base region were noted in cases where the 
vortex pair passing close to the wheel were strongest. The area of positive vorticity 
previously situated on the right of the vertical X-plane centreline in the isolated 
wheel case, is now much larger with an anti-clockwise circulation region extending 
across the entire width of the wheel. However the peak core vortex intensity is 
similar to the vorticity seen on the right of the vortex pair in the isolated wheel case. 
Further downstream at X/D =2 and shown in Figure 8.14, the lower vortex pair 
is reasonably symmetrical behind the isolated wheel, albeit rather patchy (Figure 
8.14(a)), but in the combined wing and wheel case (Figure 8.14(b)), a large area of 
positive circulation is centered behind the wheel, with a negatively circulating region 
to the left and above. Greater peak vorticity is also noted at this downstream plane 
when compared to the isolated case. 
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Figure 8.13: Comparison of isolated rotating wheel with that of a combined 
wheel and wing at X/D = 1.1 (non-dimensionalised vorticity and vectors) 
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Figure 8.14: Comparison of isolated rotating wheel with that of a combined 
wheel and wing at X/D =2 (non-dimensionalised vorticity and vectors) 
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8.4 The Effects Associated with Changes to Wheel 
Geometry and Position 
This section takes a brief look at some typical geometric changes to the relative 
positions of the front wing with respect to the wheel and also some changes to the 
configuration of the front wing, such as increasing or decreasing the main-plane flap 
angle. Some of these alterations to the baseline configuration, such as flap angle 
alterations, are common changes that are made to racing cars during the race and it 
is therefore instructive to see what effect they have on the combined wing and wheel 
wake. Others, such as changes to wheel track, would not be carried out during the 
race, but the effect such a change has on the combined wheel and wing wake provides 
further insight into the characteristics of the combined wake. 
8.4.1 Reducing and Increasing Wheel Track 
Data from the baseline configuration were compared with data from two wheel track 
changes. The wheel position was moved inboard by 10mm and then outboard by 
10mm (20mm full-scale in both cases) with respect to the baseline configuration. 
Figure 8.15 shows a comparison of significant vorticity and vector magnitudes of 
these two changes from the baseline configuration taken at the mid wheel position 
(X/D = 0). With the wheel moved outboard, the endplate vortices originate in a 
lateral position nearer to the inside edge of the wheel. Therefore, they are likely to 
be less affected by the stagnation region ahead of the wheel and the shearing effect of 
downward wheel induced flow. Again, only a pair of vortices are visible passing close 
to the side of the wheel, but both vortices are significantly stronger (approximately 
75%) than with the wheel moved inboard. The strength and position of the fence 
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Figure 8.15: Wing and rotating wheel. Near field. X/D =0 position, vorticity 
and velocity vector plots of changes to wheel track 
8.4.2 The Effect of Yaw 
PIV experiments were carried out at yaw angles of 2.5° and 4° (ie a left hand turn 
viewed upstream relative to the oncoming flow) from the baseline (inline) case, and 
also angles of -2.5° and -4° in the other direction. In these experiments, the wheel, 
wing and centre body were all yawed by the same amount relative to the free stream. 
When observing the flow along the inboard side of the wheel, the rear profile of the 
tyre masked the flow close to the left hand (hub) side of the wheel. In this case, only 
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(b) X/D = 0, wheel track reduced 10mm 
(model scale) 
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the comparative results between this and the in-line case, were subtle. However at 
-4° and +4° more significant flow field changes were apparent. 
Data at X/D =0 can be seen in the vorticity plots in Figure 8.16 for -4° and +4° 
yaw compared against the inline case. The strength of the fence vortex is greater 
in negative yaw, but there is little change in its downstream trajectory. In positive 
yaw, the fence vortex strength is similar to the inline case again with no change to its 
downstream position. The endplate vortices, observed as a pair in the inline case, are 
visible in the negative yaw case, albeit weaker. Interestingly the weaker of the vortex 
pair (inline case; visible in the 2 o'clock position above the stronger vortex) has now 
moved to the 4 o'clock position relative to the stronger vortex; ie, it is much closer 
to the ground. Beneath this vortex, near to the floor, is an area of positively signed 
vorticity visible in both yawed cases. This could be induced secondary vorticity, but 
because of significant reflection of the light sheet on the floor, data in this region may 
be erroneous. 
How these yaw cases influence the flow into and around the base region of the wheel 
is shown in Figure 8.17. For the inline and negative yaw case, the flow in the lower 
middle base region shows a large area of positively signed re-circulating flow with 
very little evidence of the endplate vortex pair. This recirculation is greatly reduced 
in the case of positive yaw but in this case, there is evidence of a weaker single 
vortex. The isometric plot, shown in Figure 8.18 compares the inline case with a 
yawed wheel angle of +4°. In both plots, the coherent vortex structures that pass 
alongside the wheel and further downstream, are the positive (red contours) vortex 
from the upper central support of the wing and the negatively signed (blue contours), 
wing fence vortex. The negatively signed vortex system from the front wing weakens 
more rapidly as it passes into the near wake region of the +4° yawed wheel, compared 
with the inline case. 
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(c) Wheel and wing yawed +4° 
Figure 8.16: Wing and rotating wheel. Near field, X/D =0 position, vorticity 
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Figure 8.17: Wing and rotating wheel. Near field, X/D = 0.65 (50inm rear of 
wheel), vorticity and velocity vector plots of changes to wheel and wing yaw angle 
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Figure 8.18: Isometric rear view of in-line wing and rotating wheel configuration 
compared with -4° yaw angle. Planes of non-dimensionalised significant vorticity 
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8.4.3 Wing Flap Angle Changes 
Increasing the front wing flap angle increases the downforce generated by the wing 
and this manifests itself in the data mainly as an increase in the strength of the fence 
vortex. However the significance in terms of any change of wheel wake shape is less 
clear. The endplate vortex pair passing on the inboard side of the wheel are stronger 
with increased flap angle, but not significantly. Figures 8.19 at the front of the wheel 
and 8.20 at 50mm behind the rear of the wheel (X/D = 0.65), show the effect of 
increasing the wing flap angle. The baseline angle was set at 20° and two further 
positions, one lower (17°) and one higher (23°) were recorded. 
Circulation was calculated as described in chapter 3 and as a result of the increased 
downforce as the flap angle was raised, near the front of the wheel, circulation of the 
fence vortex increased by 29%. At the rear of the wheel it increased by 20%. The 
shape of the wake behind the wheel and the magnitude of the velocity entering the 
base region was largely unchanged. Whilst the endplate vortices are undoubtedly 
stronger, this increase does not significantly modify the wheel wake at X/D = 0.65. 
8.4.4 Local Wheel Flow Features for Hubcaps On and Off 
This study generally removes the complex hub flow / wake interactions by ensur- 
ing that the hub cavities for all model wheel experiments remained sealed using flat 
plates. The reason for this was not only because the complex flow interactions would 
be difficult to separate from other wheel flow related features, but because the con- 
figurations of the hub cavities differed between some of the wheel models. However, 
it was considered instructive to carry out a number of experiments to compare the 
effect of the hub flow on the wheel wake for specific experiments. 
The flow inside the hub is complex as it is essentially a deep rotating circular cavity 
in cross flow. Removing the sealed hub caps allows the air to pass through the wheel 
and as it does so, it is subjected to the induced circulating field set up due to the 
rotating inner hub wall. In a racing wheel, air flow into and out of the cavity will be 
subject to the cavity geometry, such as the brake disc and duct arrangement on the 
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Figure 8.19: Flap angle increasing from 17°to 23°, non-dimensionalised signifi- 
cant vorticity and velocity vectors at X/D = -0.42, indicated circulation based 
on the strength of the fence vortex 
inside of the wheel hub. The flow within the cavity or through the cavity is likely to 
be strongly influenced by the presence of the front wing and other car parts, when 
compared with cavity flow for an isolated wheel. In general, for an isolated rotating 
wheel, there is an efflux of air in the lower quadrant of the cavity peaking in the 
lower rear quadrant (as reported by Waskett (1992)) due in part to the downward 
entrainment of air from the induced flow of the rotating wheel (Mercker & Berneburg 
1992) and also due to the lower pressure region near the lower front of the tyre as 
result of the lateral jetting flow. In the case of a wheel with a front wing ahead of it, 
low pressure from the wing's vortical system would contribute to efflux at the inner, 
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Figure 8.20: Flap angle increasing from 17°to 23°, non-dimensionalised signifi- 
cant vorticity and velocity vectors at X/D = 0.65, indicated circulation based on 
the strength of the fence vortex 
lower rear quadrant of the cavity. 
Figure 8.21 plots significant vorticity and cross flow velocity vectors for hubs on and 
hubs off for two different locations along the side of the wheel. Near the front of the 
wheel (X/D = -0.42), the flow characteristics of hubs on and off are similar, with the 
fence vortex and (the just appearing) endplate vortical structures, shown by an arrow 
in Figure 8.21(a), at the same relative positions and strength. However in the hubcaps 
removed experiment, near the rear of the wheel at a plane that bisects the tyre wall 
at the rear of the huh cavity (X/D = 0.35), air is being ejected from the lower rear 
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quadrant of the hub cavity weakening the counter-rotating endplate vortex structure 
and forcing it further inboard toward the fence vortex and centre-body (shown by the 
arrow in Figure 8.21(d)). This process affects the fence vortex by raising its trajectory 
vertically and weakening it. The flow into the base region appears to be significantly 
reduced and could therefore result in lower base pressure and hence, an increased 
wheel drag. Figure 8.22 shows the velocity magnitude comparison at X/D = 0.35 for 
hubs on and hubs off configurations. 
There is very little evidence of coherent vorticity trailing back from the mid wheel 
position as proposed by some researchers (for example Mercker & Berneburg (1992) 
and Cogotti (1983)) for either a wheel with a sealed hub or one with an open cavity 
other than some disturbance to the flow as a result of the wheel support system. 
Clearly, the hub cavity has a large effect on the wheel wake and these observations 
along with the comparison of wheel drag for hubcaps on and off during experiments 
described in chapter 4, simply represent a snap-shot of the comparative flow between 
a wheel with an open cavity and one which is sealed. The fact that there is a 
substantial reduction of drag for wheels with sealed cavities has led racing teams to 
fit flush non-rotating plates to the outside faces of the wheels. More detailed studies 
of the significance of cavity flows would be beneficial. 
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(d) Hub off, X/D = 0.35 
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Figure 8.21: Comparing hubs on with hubs off configurations for 2 X-planes at 
the front of the rotating wheel and at the rear of the wheel, non-dimensionalised 
vorticity and velocity vectors 
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(b) Hub off, X/D = 0.35 
Figure 8.22: Comparing hubs on (left) with hubs off (right) for X/D = 0.35 






Discussion of Results 
This study provided an opportunity for an in depth study of the characteristic features 
of the flow around isolated rotating cylinders and representative models of racing car 
wheels in contact with the ground. This chapter highlights the most significant 
observations and findings from the isolated wheel experiments in the water tunnel. 
Tests were also conducted in the Honda wind tunnel on the wheel in isolation and with 
a typical F1 front wing. These tests were augmented by the wheel drag measurements, 
flow visualisation and hot-wire anemometry experiments. 
9.1 Main Characteristics of the Flow Around Wheels 
One of the biggest advantages of running a pneumatic wheel in the water tunnel, 
was the ability to visualise, measure and track the contact patch. The suspension 
system allowed for specific adjustment of wheel loading to model a contact patch 
that would be similar to that under specific racing conditions. It was found that the 
contact patch size and shape was different when the wheel was running. However by 
recording the image of the wheel as it passed the PIV interrogation station, static 
adjustments could be made to ensure the required contact patch size was obtained 
when it was running. In the wind tunnel, such adjustment was difficult and it was 
likely the contact patch shape and size was not the same when running but there 
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was no easy way to be sure how much it had changed. A picture of a typical contact 
patch shape is shown in the appendix, Figure A. 3(b). 
Flow visualisation experiments in the water tunnel, shown in chapter 5, indicated that 
for an isolated wheel rotating in contact with the ground, a strong lateral jetting flow 
was apparent either side of the wheel close to the ground. Above this, the flow 
appeared to remain attached to the side face of the wheel, but toward the rear of the 
wheel, the dye tracer became disturbed by the action of the unsteady wheel wake. 
PIV experiments confirmed the presence of the jetting flow and the extent by which 
it is forced outward laterally into the free stream. The high pressure at the front of 
the wheel is accompanied by the low pressure at the rear. The possible existence of 
a reversed flow into the lower base region, behind the wheel's line of contact with 
the road was also investigated with the water based PIV experiments. This yielded 
information about the flow in this region that is notoriously difficult to obtain either 
in wind tunnel experiments or from CFD. It was also useful at times to compare the 
flow field from a rotating wheel with that of a stationary wheel. In the stationary 
wheel experiments, the ground plane was also stationary and therefore, the flow was 
influenced by both these factors. 
In the upper wake behind the wheel, there was evidence of a pair of counter-rotating 
vortices (left side rotating clockwise and right side rotating anti-clockwisg viewed from 
behind the wheel) either side of the wheel's vertical X-plane centreline positioned be- 
hind the upper wheel shoulders. In the lower base region, there was also evidence of 
a pair of vortices either side of the vertical X-plane centreline. Both vortex pairs were 
located within the profile of the wheel as viewed from behind, but the lower pair was 
often weaker and more patchy. These initially had similar spacing to the upper pair 
for both stationary and rotating cases but, as downstream distance increased, they 
became spaced slightly further apart, laterally. These were also counter-rotating in 
the same sense as the upper pair. If the wheel was stationary, then the spacing of 
these lower vortices became greater with downstream distance in comparison to the 
rotating case, probably due to lower fluid momentum in the boundary layer at the 
stationary floor combined with the greater downward momentum of the flow directly 
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behind the wheel as a result of a more rearward separation point over the stationary 
wheel. In the stationary case, both the lower and upper vortex pair appeared to be 
stronger and more well-defined or coherent for all rearward planes, and the sense of 
vortex rotation was the same as for the rotating wheel case. A diagrammatic sum- 
mary of these basic findings is shown in Figure 9.1 identifying these vortex structures 
just behind the wheel at X/D = 0.55 and further downstream at X/D = 1. Further 
experiments using PIV techniques corroborated these findings and further experi- 
ments were carried out to establish the strength, position and movement of these 
vortices and other flow structures surrounding the wheel. A more detailed discussion 















(b) Stationary wheel; X/D = 0.55 
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(c) Rotating wheel; X/D =1 (d) Stationary wheel; X/D =1 
Figure 9.1: Vortex identification just behind the wheel (X/D = 0.55) and half a 
diameter downstream (X/D = 1) comparing rotating and stationary wheel cases 
Experiments were also carried out with simple sharp-edged cylinders to establish 
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were different, by what degree. As a result of previous research into wheel flows and 
from this experimental study, the main features of the wheel wake and simple cylinder 
wake requiring further investigation where identified and categorised as follows; 
" Jetting flow 
" Negative base region flow 
" Upper surface separation 
" Upper shoulder vortex pair 
" Lower base vortex pair 
" Near wake 
" Far wake 
9.2 Wheel Jetting Flow 
The jetting flow is formed as a result of the air being forced into the diminishing gap 
between the wheel and the road as the wheel rotates into the flow. The combination 
of the free stream pressure and the viscous action of air being drawn around the 
surface into the gap at the front of the rotating wheel, results in the air being forced 
back upstream in the 2-D case, as shown in Figure 2.16. In the 3-D or real condition, 
the air escapes to the sides of the wheel forming a lateral jet. The Cp values at the 
front of the wheel can be up to 20% higher than free stream stagnation pressure as 
a result of the added energy of the flow induced by wheel rotation (Fackrell 1973). 
Figure 9.2 shows the direction of the jet into the flow. 
The shape and trajectory of the jet appears to be largely independent of the free 
stream velocity, with higher speeds resulting in a stronger jet velocity with little 
change to the lateral divergence. Interestingly, changes to the size of the contact 
patch or the geometry of the wheel with respect to the in-line flow, (such as yaw or 
camber) also had very little influence on the lateral trajectory of the jet. Observations 
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of the jet in the Y-plane, along the side face of the wheel (see Figure 5.31) revealed 
a larger area of reversed flow (inside the boundary of the jetting shear layer) in the 
small contact patch case. The direction of the peak jetting vector may well be skewed 
further upward when a small contact patch is present, due to the more 3-dimensional 
gap at the side of the wheel between the tyre wall and the start of the point of tyre 
contact with the road. This would push upward the jet induced flow separation from 
the lower rear of the wheel side face and may result in a larger area of near wake 
reversed flow, as shown by the darker blue contours behind the small contact patch 
wheel in Figure 5.29. The differences in the vertical extent of the jetting flow rather 
than the lateral divergence would be likely to influence the strength and vertical 
position of the lower vortex pair in the near wake of the wheel which are thought by 
researchers such as Mercker & Berneburg (1992) to be largely a result of the strong 
viscous jetting interactions. The development of this lower vortex pair in the wake is 
discussed further below. 
C 
n 
Figure 9.2: Direction of jetting flow (orange arrows) 
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Behind the contact patch, in the 2-D case, one may assume the opposite condition 
to that at the front (see the diagram in Figure 2.16 (Fackrell 1973)), ie; flow outward 
around 'the surface of the wheel and along the floor and an inward, or reversed flow 
into the centre of the base region toward the point of contact of the wheel with 
the road. Velocity vectors in the region between the rear surface of the wheel and 
the road, would therefore have an incoming direction. However the surrounding flow 
conditions between the front of the contact patch and the rear are very different, with 
high pressure fast moving flow at the front and unsteady low pressure flow at the rear, 
combined with 3-D effects. The boundary layers on the wheel surface would also be 
significantly different in this region near the floor, between the lower front and lower 
rear quadrant of the wheel surface. The results from the PIV experiments in chapter 
5 examine the flow in this region in detail. The evidence of a negative jet proposed 
in the experimental study of Mears et al. (2004), which described negative jetting 
vectors (with an outward direction from the rear contact patch) was not observed 
in this research. What was evident related only to an observation of low velocity 
reversed flow from further downstream moving into the central base region toward 
the line of wheel contact with the road, but it would not be reasonable to describe 
this as a negative jet. The flow in this near base region is discussed further in the 
next section. 
9.3 Discussion of the Wheel Wake Characteristics 
Due to the unsteady nature of the wheel flow, it was not possible to clearly identify 
coherent structures in the wake based on instantaneous PIV images. These plots 
show well scattered and patchy areas of strong positive and negative vorticity which, 
in general, cannot be tracked frame-to-frame, due to the amount of movement of 
these structures between each plane of PIV data. In the water tunnel, this 15Hz 
data rate gives rise to a spacing of 125mm between measurement planes as the wheel 
moves past the fixed interrogation light-sheet. The separation was too large to track 
the downstream progression of the instantaneous wake structures. 
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In general, the action of rotation appeared to make the separation point of the flow 
over the top surface of the wheel much less sensitive to Reynolds number effects with 
this point being located at about 270°to 285°. The most likely explanation for this 
might be due to the turbulence-induced flow being drawn around the wheel by the 
action of rotation. The position of the `virtual' separation point some distance from 
the surface of the wheel as proposed by Fackrell (1973) and shown in Figure 2.11, 
possibly being more stable over a wide range of Reynolds numbers due to this wheel 
induced and turbulent reversed flow. In the stationary case, the separation point 
was generally further rearward. Y-plane PIV data obtained from a horizontal plane 
just above the top of the sharp edged cylinder model, indicated that the separation 
was not uniform over the width of the model, but the degree to which this varied 
was difficult to estimate from the flat plane interrogation area above the curved 
cylinder profile. Although the point of separation varied across the cylinder width, 
symmetry about the longitudinal centre-line was good suggesting that any variation 
of separation across the width of the model would probably be due to 3-D effects 
relating to the flow around the top left and right edges of the model. 
The two clearly identifiable vortex pairs visible in the near wake of the isolated rotat- 
ing wheel from ensemble-averaged PIV data are present in all of the isolated wheel 
and sharp edged cylinder experiments. The sense of direction, position and peak vor- 
ticity of these do not vary a great deal between different wheel and rotating cylinder 
configurations, but the curved tyre edge profile has a more significant influence on 
the shape of the wake for small aspect ratio models, largely due to the position of the 
upper vortex pair. For sharp edged cylinders with a small aspect ratio, the separa- 
tion of flow from the rear upper corners of the wheel is well defined and fixed by the 
sharp edges and, therefore, near wake features remain symmetrical about the vertical 
X-plane centre-line with the upper vortex pair in similar positions to larger aspect 
ratio cylinders. In the case of wheel models, with curved tyre edge profiles, when the 
aspect ratio is smaller, the separation point is less well defined and the imbalance be- 
tween each side of the wheel causes the upper vortex pair to align vertically, roughly 
about the vertical X-plane centre-line resulting in an `S' shaped down-flow behind 
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the wheel and between the upper vortex pair in the near wake. To some extent, the 
asymmetry in the wake forces the flow on the wheel to follow as there would be a 
strong mutual interaction between the two. However, at aspect ratios which were 
representative of typical Formula 1 cars, this twisting of the upper vortex pair was 
not observed. 
For the in-line, rotating wheel case and in general for all other cases, such as yaw or 
camber, the upper vortex pair is stronger than the lower pair just behind the wheel 
(X/D = 0.55) mainly due to the much higher velocity of the flow coming over the top 
of the wheel, generating increased vorticity which is shed into the upper wake flow. 
Also, at this location, close to the rear of the wheel, both the upper and lower vortex 
pair are very similar in terms of their separation about the vertical X-plane centre- 
line. Only further downstream does the lower pair appear to move further apart 
and also further apart in the case of a stationary wheel. The onset and development 
of the lower vortex pair in the near wake region underneath the overhang of the 
wheel, starting at the contact patch, is shown in Figure 5.28. This series of X-plane 
time-averaged vector plots of the cross-flow shows the beginning of the lower vortex 
pair inboard of the wheel profile and also that it is reasonably symmetrical about 
the vertical X-plane centre-line of the wheel. Initially at X/D = 0.24 (close to the 
contact patch) there is an upward vector trajectory, most likely to be associated with 
the induced flow from wheel rotation, but by X/D = 0.39 and X/D = 0.48 the 
central downward vector trajectory has been established with the counter-rotating 
vortices apparent either side of this. It is likely that this is the early formation of 
the lower vortex pair and, if so, the jetting flow may influence the strength, spatial 
separation and unsteadiness of the lower vortex pair as they pass further downstream. 
From hot-wire measurements of the unsteady flow in the upper and lower wake, 
we know that the lower wake is significantly more unsteady than the region at the 
top of the wheel. Therefore, the peak vorticity of the upper vortex pair as seen 
from ensemble-averaged data, is likely to be more representative of the true peak 
vorticity due to less smearing from the averaging process. In the lower wake, hot-wire 
measurements revealed an instability with a broadband peak at a frequency slightly 
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lower than that of the wheel rotation. The unstable nature of the lower wake is 
likely to smear the PIV measurements, thus reducing the recorded peak vorticity. For 
example, the ensemble-averaged contours of vorticity just behind a typical pneumatic 
wheel are shown in Figure 9.3. These can be compared with the circulation plots in 
Figure 9.4 which show initially, higher circulation in the upper wake, directly behind 
the wheel, which decays more quickly compared with the lower wake. This decays 
at a slower rate downstream, but from X/D = 1.5 is predominantly a result of the 
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Figure 9.3: X-plane, ensemble-averaged PIV plot at X/D = 0.55 of a 38% rotat- 
ing pneumatic racing wheel. (non-dimensionalised vorticity and velocity vectors) 
The down-flow between the upper vortex pair is visible and significant in all cases but 
is stronger in the experiments using a stationary wheel. In this case, the upper vortex 
pair is also stronger and because a stationary wheel produces greater lift than that 
of a rotating wheel, this would be expected in relation to the upper vortex pair being 
attributed to lifting bodies. In the stationary case, there is no jetting flow either 
side of the wheel, with the free stream flow moving into the closing contact region at 
the front which is combined with a boundary layer at the floor due to the stationary 
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Figure 9.4: Circulation in the lower and upper wake of a 38% rotating pneumatic 
racing wheel 
wheel and road, resulting in a horseshoe vortex close to the floor passing around the 
sides of the wheel. With lower free stream velocity near the ground boundary layer 
and high downward velocities behind the wheel, this results in the lower vortex pair 
moving laterally further apart. 
In the case of a rotating cylinder, just behind the rear most point, the downward flow 
can be seen from PIV data in the Z-plane, close to the ground as a node (apparent 
stagnation region or zero velocity point marked `E' in Figure 5.10(b)). It is apparent 
in the sense that the flow at the floor would be stationary due to the no-slip condition. 
If a Z-plane PIV image were taken at the floor, with this wind tunnel frame of 
reference, the data would show only uniform left-to-right free stream velocity vectors. 
However at a Z-plane just above the floor, evidence of this node exists. In reality 
this is a 3-D flow and the Z-plane data only show U and V velocity components, 
so data in the Y-plane were also acquired so that the W velocity component could 
also be observed and the same node is marked `B' in Figure 5.14(a). Looking at the 
Z-plane, the flow emanates outward in all X and Y directions from this node, thus 
on the left of this point, reversed flow is apparent into the lower base region between 
the rear cylinder edge and the rear line of contact of the cylinder with the road. Also 
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apparent, is a second node, much closer to this line of contact. These two nodes were 
aligned with the longitudinal centre-line of the cylinder for models rotating in-line 
with the flow. When the cylinder or wheel was yawed, then these points were offset 
or skewed (in the Z-plane) at a similar angle of yaw to the wheel. 
Further investigation from PIV images of the wheel flow in the Y-plane to obtain 
the W vector component, reveal that this flow is the result of the reversed flow into 
the central base region and the upward wheel induced flow as a result of rotation. 
The upward flow around the rear surface of the wheel associated with the action of 
rotation, is being drawn from the local base region. This could enhance the reversed 
flow depending on the size and shape of the contact patch. With a larger contact 
patch the upward flow may be drawing flow more from the base region, hence greater 
reversed base flow, whereas with a smaller contact patch, leakage in the gap between 
the side tyre profile and the point of contact with the floor, may lead to less reversed 
flow being drawn in from further downstream. The Y-plane centre-line plot behind 
the wheel in Figure 5.26 helps to illustrate this. 
Further downstream, the upper vortex pair drop downward and decay rapidly in 
strength until they merge with the lower vortex pair at about X/D = 1.5. The 
circulation plots shown in Figure 9.4, compare the circulation strength in the upper 
wake with that from the lower wake. Until the upper and lower vortex pairs have 
merged, the lower pair are generally more patchy and weaker than the upper pair. 
This is again likely to be attributed in part, to the high level of unsteadiness in the 
near wake and the related effect of smearing which is hard to estimate. After the 
upper vortices merge with the lower pair, they decay at a much slower rate and remain 
visible up to X/D =4 downstream. Iso-contours of significant vorticity in the wake 
of a sharp edged cylinder is shown in Figure 9.5. These images also show vorticity 
across the side face of the rotating cylinder. At the rear edge, there is a region of 
high negative vorticity as a result of the flow being drawn upward around the wheel 
due to rotation. However there is very little evidence of longitudinal vorticity being 
shed into the wake at this mid-height location as proposed by researchers, such as 
Cogotti (1983) although this experiment was conducted with hub caps in place and 
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hence, hub cavity effects were removed. 
When the rotating wheel is yawed the most significant observation in the near wake is 
that the upper vortex pair becomes skewed (see Figure 6.2) and slightly weaker than 
the in-line case. However this could again be related to greater unsteadiness leading 
to more smearing in the averaged PIV results. If the wheel is yawed to the left, 
when observing the upper vortex pair from behind, the skew is anticlockwise and the 
down-flow between the upper vortex pair is also skewed anticlockwise with respect to 
the vertical. The result of a lateral component to the down-flow, means the flow in 
the lower base region is dominated by a large positive circulation region rather than 
an equi-strength vortex pair. If the wheel were yawed to the right the opposite of the 
above would happen and downstream would be a large region of negative circulation. 
Rather than resulting in a larger disturbed wake, the yawed configurations show a 
reduction in the cross-flow velocity magnitude (see Figure 6.3) and a predominantly 
single circulation region (either positive or negative depending on the direction of 
yaw) extending downstream. This may result in lower wheel drag, but it must be 
noted that these experiments were conducted with flat hub caps and from the PIV 
data in the Z-plane, there was evidence of attached flow along the leeward side face 
of the wheel for yaw angles up to V. If this flow separated at the front corner of the 
wheel, or the action of the open hub cavity, causing the flow to separate before the 
rear corner of the tyre, the wake may well be much larger leading to higher wheel 
drag. 
Changing the camber of the wheel models from an in-line configuration to one more 
representative of typical Formula 1 cars (normally set at about 2°) had little effect 
on the upper wake, but was more significant in the near base region. Here, the lower 
vortex pair was less symmetrically aligned either side of the vertical X-plane centre- 
line and more patchy in nature. The flow field in this lower base region is substantially 
affected by the shape and size of the contact patch. In the case of camber, the contact 
patch would be asymmetrical across its width forming a roughly triangular shape. 
Therefore the jetting flow and air escaping between the wheel and the road. would 
differ between each side of the wheel. This would account for the asymmetry in 
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Figure 9.5: Iso-contours of vorticity in the wake of a rotating sharp-edged cylin- 
der showing vorticity along the side faces of the cylinder and vorticity from the 
upper vortex pair 
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the local flow field in the lower base region. In real racing conditions, there would 
always be a combination of both yaw and camber and therefore the resulting flow field 
would be a complex interaction of both. In terms of characteristics that change more 
significantly in the wheel wake from yaw and camber, this experimentation indicates 
that yaw effects are the largest mainly as a result of the skewing of the upper vortex 
pair which in turn, affect the lower wake flow. In both yaw and camber cases, the 
jetting flow from either side of the wheel is likely to be asymmetrical. However the 
triangular shape of the contact patch with respect to a cambered wheel is thought to 
result in greater lower wake asymmetry given the likely influence of the high velocity 
jet on the lower near wheel wake. 
9.4 The Presence of a Front Wing 
Whilst the rotating isolated wheel studies have been instructive in providing a fun- 
damental understanding of the main features associated with the flow, wheels are an 
integral part of the rest of the car and the front wheels are always subjected to the 
wake of the front wing which is positioned just ahead of the front wheels and in very 
close proximity. This has a substantial effect on the flow around the wheels and in- 
deed the characteristics of the subsequent wheel wake. Similarly, the close proximity 
of the wheels to the front wing means that the performance of the wing is affected 
by the wheels. 
The experiments discussed here relate to the PIV study in the Honda wind tunnel 
with a representative front wing in the correct geometric position relative to the 
wheel to obtain a basic understanding of the flow interactions between wing and 
wheel. Experiments were carried out both with the wing in place and without, so 
that the isolated wheel data could be compared with those from the water channel 
PIV study. The wing configuration was typical of Formula 1 racing cars in the years 
leading up to the 2009 season, where the span of the wing meant that the endplate 
system was roughly in-line with the vertical X-plane centre-line of the wheel. The 
geometry of the endplate was designed to direct the endplate vortex system in-board 
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of the wheel in order to utilize one or more of the vortices to energize the flow under 
the car, to generate greater downforce. PIV planes were obtained along both the 
in-board and out-board sides of the wheel in an attempt to track the wing vortex 
system as it passed beside the wheel. Further planes were obtained rearward of the 
wheel to establish how the wake of the isolated wheel was modified by the presence 
of the front wing. 
The resulting wheel wake was modified as a consequence of the trailing vortex system 
passing alongside the inboard face of the wheel. From PIV measurements the peak 
vorticity was some 10 to 15 times greater than vorticity present in the wheel wake after 
ensemble-averaging. Instantaneous PIV data showed that the largely unstructured 
areas of peak vorticity in the turbulent wheel wake was similar in magnitude to 
the much more structured and coherent peak vorticity seen in the vortex system 
originating from the front wing. This presented a challenge when processing the data, 
as the magnitude of the vorticity associated with the wheel was often swamped by the 
high vorticity levels in the front wing vortex system. This variation of peak vorticity 
is mainly related to the ensemble-averaging process reducing the vorticity magnitude 
in the unsteady wheel wake as the position of the vortices vary (see Figure 8.7). It also 
indicated that the unsteadiness of the wheel wake was significant in its interaction 
with both the flow from the front wing and the subsequent wake interaction with 
other parts of the car including its effect on the rear wheels. 
PIV data from a series of X-plane slices behind the isolated wing show the progress of 
the vortex system as it passes downstream. The four significant co-rotating negatively 
signed vortices that were visible, in addition to the main vortex (shown in the iso-plots 
in Figure 8.6) moved clockwise about the main vortex. This rotation is fundamentally 
due to the induced velocity of the individual vortices within the system where the 
centre of rotation is shifted close to the main vortex due to its greater strength. In 
addition to this, the lower footplate vortex is subject to induced velocity from the 
image vortex in the ground plane, resulting in an inboard movement. The trajectory 
of the main vortex is upward and slightly inboard as it is also affected by the induced 
velocity of the surrounding structures. As, typically, the separations between these 
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vortices are small, vortex merging is often seen to occur at some downstream location 
following a period of orbiting such as described above. The weaker vortices within the 
system, such as those from the canard and endplate, due to their close proximity to 
the main vortex experience merger. This merging occurred at a downstream distance 
that would be filled by the wheel if it were in position. No other merging was observed 
further downstream in the interrogation region. 
By positioning the rotating wheel behind the wing, the vortices are forced to pass 
around the wheel and are subjected to the wake of the wheel. Initially, the prime 
influence on the disrupted wing vortex system is from the pressure gradient and 
3-dimensional flow at the front of the wheel and the strong jetting flow near the 
ground. The wing fence vortex, which moved upward and around the main vortex 
in the isolated wing case, no longer follows this path, but follows a much straighter 
path downstream appearing to be relatively unaffected by the pressure gradient and 
streamline curvature imposed by the wheel other than a small upward movement by 
X/D =2 downstream. The remaining vortices from the wing endplate system are 
substantially disrupted by the presence of the wheel and the induced flow from the 
action of rotation. 
Interestingly, the more pronounced upward and clockwise path followed by the wing 
fence vortex in the isolated wing case is also apparent when the wheel is in position 
but not rotating, as shown in Figure 8.11. It is likely that, although this movement 
of the fence vortex is similar to the isolated wing case, the flow physics causing 
this are different and might be related, in part, to the the boundary layer at the 
floor present in both isolated wing and stationary wheel and wing experiments and 
also the lack of a wheel jetting flow in the stationary wheel case. Exactly how this 
might contribute to the upward movement of the fence vortex is not clear from these 
measurements. The wheel drag experiments in chapter 4 indicated that increases of 
drag for stationary wheels might be a result of early separation of the flow along the 
sides of the wheel. The exact position of separation and the extent to which the 
shear layer, as a result of any separation along the face of the wheel, impinges on the 
flow field on the inboard side, may be contributory factors in driving the fence vortex 
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upward. The peak vorticity of the wing fence vortex is not as large as that with the 
wheel rotating which would be expected, due to the stationary floor below the wing 
and subsequent boundary layer which, due to the close proximity of the wing with 
the floor, would be thicker, resulting in a lower effective wing incidence and hence 
lower lift. 
The fence vortex is the only structure to remain relatively coherent further down- 
stream of the trailing wheel edge, from ensemble-averaged PIV data. The influence of 
the unsteady wheel wake on the fence vortex becomes apparent at about X/D = 1.5 
when there is a rapid weakening of the fence vortex peak vorticity which appears 
to become more smeared and unstructured further downstream. This could also be 
evidence of vortex breakdown and this characteristic is clearly visible in the isometric 
plot in Figure 8.10(c) although the problem associated with wake unsteadiness and 
possible smearing of PIV results make it difficult to be certain breakdown occurs. 
The endplate vortex system with no wheel is compared in Figure 9.6, with the plot 
at the same downstream position, but with the rotating wheel present. This position 
is X/D = -0.11 which is a plane just ahead of the vertical Y-plane centre-line of the 
wheel. Above the strong main vortex, the three significant vortices of the canard, 
endplate and footplate can be seen. With the wheel present, two vortices can be seen 
passing alongside the inboard face of the wheel. The lower vortex is strongest and is 
likely to be the main vortex and just above it is a weaker vortex which could be the 
merged combination of the remaining endplate vortices. In experiments where the 
endplate was positioned further outboard with respect to the front wheel, the vortices 
passing about the wheel were greatly reduced in strength and coherence. This was a 
similar finding to that described by Pegrum (2006) who suggested that a vortex at 
such a position may interact with the boundary layer attached to the rotating wheel 
thus reducing the possibility of a coherent vortex structure downstream. 
The wake behind the wheel with the wing present is somewhat different to the isolated 
wheel flow field. Figures 8.13 and 8.14 show this at X/D = 1.1 and X/D = 2. Apart 
from the strong fence vortex, the vortices that were evident passing down the side of 
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(b) Wing and wheel 
Figure 9.6: Comparison of the vortex system at X/D = -0.11 between an 
isolated wing and a wing with a rotating wheel present 
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area of positive circulation, rather than a pair of discrete counter-rotating vortices 
as seen in the isolated wheel case. Flow into the base region which contributes to 
this area of positive circulation is enhanced when the vortices passing the wheel are 
stronger (ie; when the endplate system is positioned closer to the inboard wheel side. ) 
The evidence from these experiments suggests that this circulation extends for some 
distance downstream and is likely to be a feature in the flow field approaching the 
car and underbody. Light sheet reflections in the tyre grooves at these planes make 
it difficult to establish the exact position of the upper vortex pair, but the results 
suggest that the upper vortex pair is, in general, weaker and rotated clockwise as a 
result of the front wing being present. The large area of negative circulation in the 
lower wake of the wheel acts to cut off down-flow behind the wheel and between the 




Conclusions and Further Work 
10.1 Conclusions 
This research focused on developing a greater understanding of the flow associated 
with isolated exposed racing car wheels. The study concentrated on the front wheel of 
a Formula 1 car and this has been investigated in isolation and when a representative 
front wing was mounted in front of it. The foundation of this research was based on 
probably the most significant study of the flow relating to isolated wheels that was 
carried out by Fackrell (1973). The use of modern experimental diagnostic techniques, 
such as PIV, was combined with experimental apparatus such as the water flume 
making it possible to investigate areas of the flow field that have proved very difficult 
to measure and record either by experiment or from the use of CFD techniques. 
It is clear that the shape and rotating action of the wheel add to the complexity 
of the flow which is highly 3-dimensional and unsteady. However, a clearer picture 
has emerged of the most significant vortex structures in the wake and their evolution 
as they pass downstream. Significant progress has been made with visualising and 
understanding the characteristics of the flow in areas such as the rear contact patch 
close to the floor, which have proved difficult to obtain in previous experimental and 
computational research. 
The research has revealed a number of important conclusions and these are sum- 
CHAPTER 10. CONCLUSIONS AND FURTHER WORK 
marised as follows. 
1. Drag force measurements on a 40% isolated rotating racing wheel over a range 
of Reynolds numbers that corresponds to the critical drag drop range noted 
for 2-D circular cylinders, suggest that there is no significant drag reduction. 
Rotating wheels with hub cavities sealed resulted in the lowest drag coefficient 
as cavity drag is reduced with the possibility that the action of rotation results 
in the flow remaining attached over a significant area of the sides of the wheel. 
2. The separation point of flow over the top of the rotating wheel did not vary 
more than a few degrees for differing Reynolds numbers, and the results from 
instantaneous PIV data showed eddies in the separated shear layer consistent 
with Kelvin-Helmholtz instabilities which were also apparent in the induced 
flow traveling in the opposite direction along the surface of the wheel at the top 
position. These instabilities were also present in the jetting flow shear layer. 
3. The jetting flow from each side of the contact patch in the lower quarter of the 
height of the wheel contained velocities that were 20% higher than free stream. 
The strength and lateral trajectory of the jet was not significantly altered by 
wheel configuration changes such as yaw and camber. Changes to the size of 
the contact patch resulted in a change of the vertical excursion of the jet, for 
example in the case of a small contact patch the vertical excursion would extend 
to a height of Z/D = 0.25. Larger contact patch sizes resulted in flatter jetting 
flows extending up to Z/D = 0.15 or lower. 
4. Researchers such as Mears et al. (2004) have suggested that in addition to the 
positive jet, there is evidence of a negative jet at the rear of the contact patch. 
Fackrell (1973) also hinted at this possibility from his potential flow analysis. 
Experimental observation of the flow field behind the contact patch has shown 
a low velocity reversed flow in the downstream wake, with flow towards the rear 
line of contact of the wheel with the road. This is in agreement with Fackrell's 
potential theory, but from this study it could not be described as a negative 
`jetting' flow. 
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5. Reversed flow velocities into the lower base region was found to be higher when 
the contact patch was larger. With the large contact patch extending further 
laterally, flow around the sides of the gap between contact patch and road 
would be forced outward on both sides, therefore the base pressure at the back 
of the contact patch is likely to be lower hence drawing in more fluid from the 
surrounding area. The Z-plane plots shown in Figure 5.25 at 30mm above the 
road, indicate how the shear layer is drawn inward behind the wheel in the large 
contact patch case, before returning to follow a similar trajectory to that of the 
shear layer associated with the small contact patch experiment. 
6. The wheel wake is generally turbulent and unsteady. Instantaneous PIV reveals 
many patchy areas of positive and negative vorticity with little evidence of 
particular coherent structures. Ensemble-averaged PIV data highlighted areas 
of the wake where structures were present albeit weaker in terms of their peak 
vorticity due to the smearing effect of ensemble-averaging unsteady areas of 
vorticity. 
7. The near wake of a sharp-edged cylinder and also a rotating wheel featured an 
upper and lower vortex pair. The upper pair was stronger and more coherent 
than the lower pair initially, but further downstream their strength decayed 
quickly and followed a downward trajectory resulting in the upper pair merging 
with the lower pair at about X/D = 1.5 downstream. The sharp-edged cylinder 
had the effect of stabilising the separation location of the flow leading to a 
more coherent upper vortex pair. Changing the aspect ratio of the cylinder 
from AR = 0.54 to AR = 0.38 had little effect on the strength or position of 
the upper vortex pair which remained symmetrical about the vertical X-plane 
centre-line. Low aspect ratio wheels with curved tyre corners, led to the upper 
vortex pair skewing by up to 90°either clockwise or anti-clockwise, as a result of 
the less definable point of separation from the curved tyre at the upper rear sides 
of the wheel. It is thought this side-to-side separation imbalance causes such 
skewing. However for wheels with aspect ratios comparable to those typical of 
Formula 1 this skewing was not apparent. 
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8. The lower vortex pair remained comparatively coherent, decaying at a much 
slower rate until about X/D =4 downstream. There is very little evidence of 
a vortex pair, as suggested by researchers such as Cogotti (1983), being shed 
downstream at the mid-height of the wheel either with or without hubcaps 
although a strong patch of vorticity was observed at the sides of the wheel just 
before the rear of the tyre. This was thought to be a result of the flow along 
the sides of the wheel meeting the upward rotating wheel induced flow. 
9. If the isolated rotating wheel is yawed to the left the upper vortex pair skew 
anti-clockwise when viewed from the rear. The down-flow between the pair 
is also skewed with respect to the vertical but was progressively weaker with 
increased yaw angle. The upper vortex pair drop and merge with the lower pair, 
similar to the in-line case, but the lower right-hand vortex (which is positive 
vorticity in the case of wheel yaw to the left) is much stronger than its pair 
and has been shown to dominate the far wake region. The reverse of the above 
is true for a wheel yawed to the right. There was no evidence of a large flow 
separation along the leeward side of the yawed wheel as a result of the adverse 
pressure gradient. 
10. Camber had only a small effect on the symmetry of the upper vortex pair, with a 
slight reduction of peak vorticity compared to the in-line case and for left-hand 
camber angles, the upper left vortex was positioned a little lower with respect 
to its counterpart in the near wheel wake. The lower wake of the cambered 
wheel was much less symmetrical and patchy in terms of identifiable coherent 
structures. This was thought to be a result of the roughly triangular asymmetric 
shape of the contact patch which would generate different side-to-side flows into 
the base region. 
11. hot-wire anemometry measurements indicate a rather broad spectral frequency 
peak at Strouhal numbers of about 0.2 for key locations in the wake for station- 
ary and 0.19 for rotating wheels. A sharp peak was also noted at exactly the 
spectral frequency of wheel rotation which was thought to be due to a small dy- 
namic mechanical imbalance as the wheel rotated. Correlation results revealed 
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that the lower wake appears to be more unsteady compared with the upper 
wake, moving or pulsing from side to side. High speed smoke flow visualisation 
images corroborate this lateral gross unsteady wake movement. 
12. Whilst the upper wake does not appear to pulse laterally, there is evidence of 
random low frequency changes to the path of the shear layer from separated 
flow at the top of the wheel. This could be a result of the flow separating from 
slightly different positions each side of the curved tyre corners in the upper-rear 
quadrant of the rotating wheel. 
13. The vortex system from a typical front wing was identified from isolated wing 
measurements using PIV in the Honda wind tunnel. A system of five coherent 
co-rotating vortex structures are shed and move in a clockwise direction (as 
viewed from behind) about the main vortex which was the strongest. The 
presence of the wheel behind the wing, disrupts the four endplate vortices, with 
the wing fence vortex remaining strong and coherent, with little change in its 
position as it passes downstream between the wheel and the centre-body. 
14. There is evidence of only two of the four wing vortices passing along the inboard 
wheel side and one, being the vortex in the lower position, stronger than the 
other. It is likely this is the main vortex and one of the other three from the 
endplate system. These are coherent until the rear of the wheel, where they 
appear to merge with the weaker unsteady wheel vorticity. A single area of 
positive circulation is formed in the near wheel wake as opposed to a pair of 
vortices seen in the isolated case. The wing fence vortex remains strong and 
coherent until about X/D = 1.5, when it weakens rapidly and this appears to 
be either the result of vortex burst or merging with the unsteady wheel wake. 
15. The vortex system from the wing appears to be drawn into the wheel wake after 
passing around the wheel. Pegrum (2006) suggested that any displacement of 
the vortex system at this location, may be partly due to the image vortex based 
on the theory of vortices passing close to solid boundaries. The image vortex in 
the vertical wheel boundary would tend to draw the vortex passing around the 
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wheel on the left hand inner face, down. As this vortex system is also close to 
the floor, the image vortex in the floor would tend to draw the vortex system 
to the left. However, the large positive circulation behind the wheel appears 
to be significant, with what remains of the wing vortices moving to the right 
underneath this region. 
16. Moving the front wing further outboard with respect to the wheel by 10mm, 
has the effect of considerably weakening the pair of vortices passing around the 
wheel. Moving the wing inboard by 10mm strengthens the larger of the two 
vortices and this larger vortex moves further away from the inboard wheel face. 
Changes to the yaw of the wheel and wing with respect to the oncoming free 
stream also influence the endplate vortex system passing beside the wheel. In 
the case of wheel and wing yawed to the left (-4°yaw) only a single vortex is 
apparent passing close to the wheel's inboard side. With yaw in the positive 
direction (+4°yaw) the two vortices are present, but considerably weaker than 
those seen in the in-line case. 
17. Hub cavity flows have not in general been considered in this study with the 
wheel models' cavities being sealed with flat flush fitting plates. This is be- 
cause of the added complexity of the local flow in the region and the possible 
interaction with more fundamental wheel flow features. Nevertheless the cavity 
has a substantial effect on the local flow field and some comments can be made 
based on the limited investigation that was undertaken. With the cavity open, 
the wing vortices passing alongside the wheel rearward of the vertical wheel 
centre-line are forced inboard, away from the side face of the wheel, probably 
as a result of the air being ejected from the lower rear of the hub cavity. This 
action also appears to weaken the wing fence vortex and force it in an upward 
direction. It is evident from studying instantaneous data that the weakening of 
the fence vortex can be partly attributed to the unsteadiness in the flow and is 
therefore weaker as a result of smearing due to the data averaging process. 
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10.2 Recommendations for Further Work 
The results of this study have indicated that further work would be useful to increase 
understanding of some particular aspects of the flow relating to rotating isolated 
wheels. The recommendations are as follows. 
" Computational methods have been shown to be improving for a flow region that 
is considerably challenging due to difficulties simulating complex boundary con- 
ditions, such as the contact patch. The unsteadiness of the flow, characteristic 
of so many bluff bodies adds to the computational challenge and may well be 
a significant part of the overall understanding of the flow. Further compu- 
tational studies relating to the unsteady features of the flow would enhance 
understanding. 
" To make use of a much higher temporal resolution PIV system such that an 
instantaneous time-dependent study of the wheel flow could be made. This 
would contribute to the understanding of unsteady structures being shed from 
the wheel and make it possible to track their position and progress downstream. 
hot-wire probes were used to measure unsteadiness. However as this is an in- 
vasive technique it would also be useful to carry out further unsteady measure- 
ments with a non-invasive system such as LDA. 
9 To investigate in more detail how the complex hub cavity flow interacts with 
the wheel wake and gain an understanding of the processes that influence brake 
duct flows and brake cooling. 
" It was not possible in this research to visualise the flow in the region between 
the wing and the wheel, therefore a study to investigate this flow field may 
reveal how the wing vortex system merges or breaks up as it interacts with the 
early influence of the wheel flow. 
" Further studies are needed of the effect of the wheel wake on other parts of the 
car, such as the influence of the front wheel wake on the rear wheel flow field 
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and the effect on the car of the changing wheel flow characteristics resulting 
from differing wheel orientations, such a yaw or camber. 
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Appendix A 
Experimentation Using the Water 
Tunnel 
A. 1 Details of the Moving Carriage System 
The moving carriage consisted of a square 0.6m framework of Minitec quick assembly 
material mounted horizontally, spanning the flume and fitted to rails running the 
length of the test section. A rigid linear roller system mounted to the four corners 
allowed the carriage to move on the rails with one rail fixed and the other designed 
so that a small amount of lateral movement was possible. The rails were adjusted so 
that their vertical height was set to be parallel to the glass floor of the flume and the 
fixed rail adjusted laterally to be parallel with the glass sidewall. Both adjustments 
were carried out along the length of the test section with the flume filled with water 
A single toothed belt linked the carriage to a 5kW servo motor which was mounted 
to the top (upstream) end of the inboard rail. The motor was capable of driving a 
load of 10kg mounted to the carriage under water. Velocity and position feedback 
was provided by an optical encoder mounted to the motor shaft and a Programmable 
Compax Servo controller used to drive the motor. Software was written by the 
author to control various parameters of the carriage, such as absolute and relative 
movements, speeds and accelerations. A separate software module was written specif- 
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ically for the automated operation of this experiment in conjunction with the PIV 
and laser system. 
Whilst the top speed of the moving carriage was 3.8ms 1, in practice the optimum 
running speed was lower than this. With increasing speed, the amount of free-surface 
disturbance also increased. A free-surface suppression plate (Figure A. 1(b)), with a 
size of 1.2m by 0.6m was mounted 10mm below the water surface to reduce the 'bow- 
wave' effect created by the model support system as it moved through the water. The 
length of the plate was calculated based on approximately 2 wheel diameters upstream 
and the same downstream to minimise undesirable bow wave pressure gradients over 
the most important regions ahead and downstream of the model. 
The plate was suspended at four points using 10mm steel bars shrouded in a longi- 
tudinally mounted wedge shaped cover to minimise the mounting point bow wave. 
A rubber seal was fitted to each side of the plate to minimise disturbance caused by 
flow passing between the upper and lower plate surface due to the bow wave pressure 
gradient. It was not possible or practical to run the experiment at velocities greater 
than 2ms-1 as there was a significant downstream wake disturbance generated from 
the model and suppression plate as well as surface waves large enough to spill over 
the side of the flume. 
A. 1.1 The Wheel Mounting System 
The glass wall of the tank on the left hand side (looking upstream) was used as 
the road surface for the wheel, hereafter refereed to as the road. In all of the data 
presented in this thesis the axes are rotated so that the `road' is horizontal and 
appears beneath the wheel as depicted in the right of Figure A. 2. 
The road was lined with a 10mm thick clear perspex sheet spanning 80% of the 
working section length. This sheet provided the necessary clearance such that the 
laser light sheet could be positioned in close proximity to the road surface and the 
wheel's contact patch. The wheel models were mounted to the carriage via an aerofoil 
support arm with a 40mm cross-section. To maintain wheel contact with the road 
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(b) Carriage photograph; `A' belt, 'B free surface suppression 
plate, (C) carriage assembly 
Figure A. 1: The carriage assembly 
at all speeds, considerable force was required. This was achieved using an adjustable 
leaf spring arrangement at the point where the wheel support arm attached to the 
carriage. Further adjustments were possible so that the model could be yawed and 
pitched with respect to carriage travel. 
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PHYSICAL VIEW CAMERA VIEW 
Figure A. 2: View of the experiment from the end of the flume 
(b) Wheel in contact with road surface 
Figure A. 3: The wheel mounting system 
A. 1.2 Wheel and Carriage Velocity Measurements 
Tests were carried out over a range of velocities to establish the optimum experimental 
conditions. The velocity, Ute, chosen was 1.875 ms-1, the maximum speed possible 
without causing surface disturbances significant enough to distort the data. 
The carriage was driven along the flume using a single belt and pulley drive system 
linked to a motor mounted at the upstream end of the flume. The encoder for position 
and velocity feedback was mounted at the motor shaft and it was therefore important 
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Flume base 
Figure A. 4: Wheel model attached to carriage 
to verify that the carriage was traveling at the demand velocity and that feedback 
from the shaft encoder was representative of the actual carriage movement. 
An optical encoder was attached to the carriage and the encoder output monitored 
using a separate data acquisition system during the travel of the carriage. Using a 
velocity of 1.875ms-1 (the highest speed used during these experiments) graphs were 
plotted (Figure A. 5) showing the velocity profile and the percentage deviation from 
the demand speed. The standard deviation, a, over a constant velocity; distance 
between 2m and 6m was 0.06%. 
A. 2 Water Tunnel PIV: Experimental Details 
Because of the glass walls, floor and flume end plate, it was possible to obtain flow 
field data from all three axes as indicated in table 3.1. For X-plane, cross-flow data, 
interrogation planes along the sides and into the wake of the models were possible by 
running the experiment so that the model was traversed upstream with the camera 
at the downstream end of the flume. By running the carriage downstream, X-planes 
of the flow ahead of the model could be captured. In the Y-plane the camera was 
mounted underneath the flume at the interrogation location. With the laser light 
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(a) Carriage velocity profile for 1.875ms-' (b) Percentage velocity deviation from demand 
signal between 2m and 6m 
Figure A. 5: Graphs of carriage velocity as measured by an independent optical 
encoder system 
sheet source positioned on the left or right side of the flume, the interrogation plane 
could provide data from either the lower half of the wheel (contact patch to centre- 
line) or the upper half (centre-line to the separation point over the top of the wheel) 
In the Z-plane the camera was mounted at the side of the flume viewing the contact 
patch from below the road surface. Contact patch flow field data could be taken 
from just above the ground to the wheel centre-line and from the centre-line to the 
top of the wheel by locating the camera on the other side of the flume. For all PIV 
experiments, the camera was mounted perpendicular to the light sheet. 
By monitoring the position feedback from the carriage, the PIV laser could be fired 
at a pre-determined wheel position as it approached the interrogation area. By firing 
the laser ahead of the approaching wheel model, data of the flow field was obtained 
upstream of the model. Repeatedly firing the laser meant that the model moved 
downstream by a distance equal to the carriage velocity VV divided by the laser's 
firing frequency Fl. Thus the separation of interrogation planes, D., was determined 
by 
Dý = 
F. (A. 1) 
F1 
The maximum speed of the laser system was 15Hz giving frame to frame separation 
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of 125mm at 1.875 ms-'. Some slow speed, 0.1 ms-1 runs were also taken which 
allowed PIV data to be obtained at closely spaced intervals of 6.7mm but at a re- 
duced Reynolds number as shown in the summary table A. 1. All of the water tunnel 
experiments were run at the higher 1.875 ms-1 unless otherwise stated. 
Velocity Reynolds Number PIV Frame Separation 
1.875 ms-' 4.75 x 105 125mm 
0.1 ms-1 2.53 x 104 6.67mm 
Table A. 1: Reynolds numbers based on the diameter of the largest wheel model 
An experiment was carried out to determine the delay required after each pass of 
the carriage, to allow the water to settle to an acceptable level. By collecting full- 
frame PIV data of the disturbed flow at the interrogation plane at 1 minute intervals, 
following a pass of the carriage and wheel assembly, the turbulence intensity could 
be measured. A minimum rest time of 7 minutes was required between each run to 
allow the disturbances in the flume to reduce to less than 0.5% of the wheel velocity 
as shown in Figure A. 7. Together with the actual run time overhead, one complete 
experiment would therefore typically take 3 hours to complete. 
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Figure A. 7: Turbulence intensity measured at the interrogation location follow- 
ing a carriage/model pass 
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Figure A. 6: Schematic diagram of water tunnel and associated experimental 
equipment 
Appendix B 
Experimentation using the Honda 
Wind Tunnel 
B. 1 Wind Tunnel PIV: Experimental Details 
The laser was mounted at the side of the tunnel for phase 1 and on the roof of 
the tunnel for phase 2. In both cases a light sheet perpendicular to the flow, of 
about 2.5mm thickness was produced. Both camera and laser mounting systems 
were adjustable such that regularly spaced interrogation planes of 50mm pitch could 
be easily set. The camera and laser were moved together, such that optical errors 
and the calibration factor remained constant. A water/glycerine based atomizing 
seeder was used producing particle sizes of approximately Sum and mounted further 
downstream such that the particles would disperse evenly as they passed around the 
tunnel circuit. The seeding was released into the tunnel approximately 10 minutes 
before the experiment was due to start. This allowed a build up of particles such that 
there was sufficient PIV seeding for good quality data to be obtained. The seeder 
was generally set to run continually for the duration of the experiment. There was no 
excessive build up of particles provided the seeder was not left to run for more than 
about 10 minutes without the tunnel fan operating. (excessive seeding degraded the 
PIV data due to particles in the area between the camera and light sheet effectively 
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reducing the scattered light from particles illuminated by the light sheet) 
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Figure B. 1: Schematic diagram of Honda wind tunnel test section and associated 
experimental equipment. In phase 1 the laser, camera and mirror were mounted 
on a frame (blue area) which could be displaced in the X-axis. 
B. 2 Flow Visualisation in Air: Experimental De- 
tails 
The camera was mounted downstream of the model and aligned with the x-axis so 
that data could be obtained in a plane perpendicular to the free stream. The laser 
was mounted in the wind tunnel downstream of the model and the beam traveling 
upstream, aligned with the X-axis. At the required interrogation plane, a 45° mirror 
was used to turn the sheet perpendicular to the flow and the axis of the camera. A 
Concept Spirit 900 smoke generator was mounted in the wind tunnel contraction and 
the smoke particles released at a suitable position to seed the camera's field of view. 
A diagram of the experiment is shown in Figure B. 4 
A pair of pneumatic 38% scale wheel models were used, the same models that were 
used during PIV experiments in the water tunnel. These wheels were mounted to 
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(b' : Modification of laser position; now mounted on the roof of the 
tunnel above the model, for phase 2 
Figure B. 2: Laser and camera assemblies for phases 1 and 2 
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Figure B. 3: Diagram of the experimental setup for flow visualisation in the wind 
tunnel 
a support axle and fitted to the centre-body attached to the model support system. 
The assembly was positioned in the centre of the rolling road and contact pressure 
of the wheels on the rolling road (hence the contact patch size) could be adjusted by 
remotely driving the model support system vertically up or down. 
The flow visualisation interrogation area was confined to a single wheel, being the 
wheel on the control room side of the wind tunnel. Due to the ability of the system to 
vary the contact between the wheel and the rolling road surface, it was necessary to 
apply symmetric loading about the centre-line (X-axis) of the belt due to the tenancy 
of asymmetric loading causing the belt tracking system to become unstable. (Hence 
the use of two model wheels running at a yaw angle of 0°). The experiments were 
carried out at air and road speeds of 8 and 16ms-' and camera sample rates of 50,100 
and 200Hz. It was not possible to sample at higher frequencies due to the reduction 
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Figure B. 4: The wheel model mounted to the axle and centre-body assembly 
B. 3 Wheel Drag Measurements in Air: Experi- 
mental Details 
Drag measurements were recorded after the tunnel had settled at the required op- 
erating velocity, by sampling the drag load cell readings using a analog to digital 
converter for 30 seconds at a sampling frequency of 200Hz and obtaining a time- 
averaged value. This was multiplied by the drag cell calibration to produce a value 
of the average force on the wheel. The aerodynamic force was derived by subtracting 
the rolling resistance and bearing friction force, described in section B. 3.1. 
The wheels were tested in a number of different configurations over a range of 
Reynolds numbers corresponding to the achievable speeds of the Honda Tunnel. 
Quoted Reynolds numbers are calculated based on the wheel diameter as the char- 
acteristic length and coefficient values based on the actual frontal area of the wheels. 
The configurations tested are shown in table B. I. The wheel was also suspended in 
the free stream airflow at half the tunnel height (0.75m) and experiments carried out 
to measure the drag force based on the absence of the ground boundary. 
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APPENDIX B. EXPERIMENTATION USING THE HONDA WIND TUNNEL 
Front and Rear Wheel Experiment (rotating and stationary) 
Base configuration open hubs attached to wishbone 
Hubs on A flush fit wheel rim hubcap on both sides 
Spokes sealed Blocking the airflow through the wheel 
Wishbone hub Flush fit hub only on the wishbone side 
Brake hub Flush fit hub only on the brake disk side 
Table B. 1: Experimental Configurations 
B. 3.1 Bearing Tares 
For rotating wheel tests, bearing tares were taken at each speed by running the 
road without the air and the forces subtracted from the experimental data. Whilst 
removing a tare value is a means by which the mechanical bearing and rolling contact 
patch resistance does not contribute to the aerodynamic drag measurements, the 
process generates significant air movement. Thus, some of the tare force is actually an 
aerodynamic effect, albeit small in comparison with the main experiment. Therefore, 
changes to model shape, such as adding wheel hubs required a new bearing tare (see 
Figure B. 5) The aerodynamic contribution of the tare can be estimated, but because 
it was not known how this effect was modified by free stream air, it was not included 
in these results. 
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Figure B. 5: Bearing tare; 40% scale Front Wheel 
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APPENDIX B. EXPERIMENTATION USING THE HONDA WIND TUNNEL 
B. 4 PIV Experiments in the Honda Wind Tunnel: 
Technical Specifications 
Reynolds Number (based on wheel dia) 4.88x105 
Wheel diameter 0.327m 
Wheel width 0.178m 
Wheel AR 0.54 
Tyre pressure 8 p. s. i. 
Tyre wall thickness 0.060m 
Hub diameter 0.207m 
Support axle diameter 0.014m 
Wheel origin distance from start of rolling road 1.2m 
Wheel origin distance from side of rolling road 0.7m 
B. 4.1 Tunnel Operating Conditions 
Air and road speed 24ms-1 
Boundary layer suction 70% (0.1% deficit) 
Air temperature 19 °C to 22 °C 
Tunnel stabilizing time approx 80 sec 
Average experimental run time 1.5 hours 
Lighting test-section blackout 
Laser run time 5.3 secs 
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